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I DECLARE that this thesis i s a record of on :final 
research work carried out since the award of the de`ree of 
Doctor of Philoso'?hy in 1926. I have had occasional assistance 
in the field and in the laboratory, particularly during those 
periods of t'.?, `rowing season when an exceptionally large volume 
of work has had to be carried through in a short time, but, 
apart from a few results, which were obtained under my super- 
vision during the year 1931 -32 and have been included in fig,. 5 
to preserve the continuity of the observations, none of the work 
has previously been presented in thesis form. With these 
qualifications, I declare that the work has been done by r rself, 
and that I have composed the thesis. 
Preface. 
The thesis is in three sections dealing with separate 
investigations which have been carried out, more or less concur- 
rently, since 1923. Some results from earlier work have also 
been incorporated ,`there they seem to provide suitable additional 
material for the questions under discussion. The three sections 
arp connected to the entent that the same soils have been employ 
in each. For example, two distinct soil types occurring on the 
Colle .e Experimental Farm have been used for the study of soil 
acidity in the field and in the laboratory and for the examina- 
tion of the Aspergillus biochemical method of estimating soil 
fertility: the investigation on bats was also conducted on one 
of these soils in 1933. The question of acidity, with which the 
first section is concerned, also comes under consideration in 
the other two sections and sonie of the statistical analyses are 
common to all three. 
Innumerable investigations oii soil acidity have been 
carried out in different parts of the world, but the study of 
the normal variation in this soil property has received little 
attention until three or four years ago. The problem is, there- 
fore, a comparatively new one, and.it is felt that the general 
technique cf the method described here, of examining the effect 
of the plant upon the soil rather than the old established metho 
of studying the effect of the soil upon the plant, opens up new 
possibilities of approach to the very difficult question of the 
absorption of plant nutrients. The procedure is undoubtedly 
artificial, but probably affords information of more direct 
application to practice than does culture solution work. 
With respect to the_second section, many investigation 
have been made on the metabolism of the oat plant but; to the 
best of the candidate's knowledge, nothing has been published on 
the/ 
the very important practical question of raisin:, the level of 
the nitrogen content of the grain. The problem is quite straigh 
forward and the conclusions are based upon what appears to be a 
reasonably complete set of results obtained during six seasons. 
Although the subject of the third section has been 
creating considerable interest in the last few years, no work on 
Aspergillus niger seems to have appeared in this country. The 
possible importance of such a rapid routine test in soil 
analysis need not be enlarged upon at this point, and independen 
studies on the method are obviously required before its merits 
can be established. The investigation dealt with in this sectio 
is concerned chiefly with an examination of the laboratory tech- 
nique and experimental error. 
There has undoubtedly been a tendency in agricultural 
the 
science to disregard limitations imposed upon the data from 
experiments involving biological factors. The correct applica- 
tion of laboratory results to field practice has, of course, 
always been a most difficult problem, and either undue attention 
has been paid to analytical detail or the precise chemical metho 
has, for convenience, been modified beyond the limits of ordinari 
accuracy or even replaced by a semi- quantitative test. That 
there exists a need for information on the reliability' of the 
methods commonly used has been accepted in this country by the 
recent arrangements, promoted by the A.E. Al, for co- operative 
work on the analysis of soils and plant products; and the co- 
operative work of the International Society of Soil Science on 
methods for estimating soil fertility is another step in the 
direction of the proper assessment of laboratory data. There is 
still apparent, however, a certain reluctance to face the 
inevitable errors associated with all branches of ,cork in agri- 






have been lade available in the last few years for the examina- 
tion of small populations. The significance and correlation of 
results can be adequately presented only on a mathematical basis: 
the mere tabulation and classification of figures can usually 
allow of only the broadest generalisations. There is now no 
longer any need to be content with, for example, a 2 x 2 Contin- 
gency table when the machinery is available for stating the 
reliability of the results and so increasing their usefulness. 
Considerable attention has been given, in each of the sections, 
to this question of normal variation in the data presented but, 
to prevent over -emphasis, the mathematical treatment has usually 
been-given separately in appendices. 
Certain other details of technique have also been gives: 
in appendix form. 
The appropriate references have been collected at the 
end of each section or appendix. In the case of the section on 
soil acidity, no attempt has been made to furnish a complete 
bibliography except on the particular question of seasonal varia- 
tion. In the section dealing with the protein content of oats, 
an exhaustive search of the literature brought to light very few 
references to the subject under investigation. The bibliography 
given With the third section on Aspergillus niger is merely a 
selection of references bearing on particular points under 
discussion. The bulk of the literature on this comparatively new 
method has, in any case, come from the Weihenstephan laboratories 
and s sufficient number of these pavers has been cited to illus- 
trate the scope of the Tor l.: do:_ 
Most of the thesis consists of material in the followin 
published papers to which references occur throughout the text. 
iv 
1. A preliminary study of the soils of Lancashire and Cheshire. 
J. Min. Agric. 1929, 36, 326. 
P. Investigations on lieterodera schachtii in Lancashire and 
Cheshire. Pt.I. (With E.G. Prentice) The errors 
involved in the technique. Ann. App. Biol. 1929, 16, 3j+. 
3. Pt. II. Relationships between infestation and certain soil 
properties. Ibid, 340. 
4. Pt. III. (With H.W. Miles.) Correlations between crop 
yields and infestation. Ibid, 596. 
5. A capillary electrode suitable for the determination of the 
hydrogen -ion concentration at a point on plant tissue. 
(With I.M. Robertson.) J. Soc. Chem. Indus. 1f30, 49, 
120T. 
6. A study of the hydrogen -ion concentration of the potato ,I 
tuber. (With I.M. Robertson) . Biochem. J. 1931, 25, 7d3. 
7. The influence of the plant upon seasonal changes in soil 
acidity. (With I.M. Robertson.) J. Agric. Sci. 1931, 
21,322. 
3. The estimation of the buffer capacity of acid soils. (With 
R. Coull.) Soil Res. 1932, 3, 10. 
9. A criticism of the official method for the estimation of 
calcium oxide for agricultural purposes. (With 
A. Lauder.) Agric. Prog. 1933, 10, 172. 
0. Variation in the composition of the displaced soil solution. 
Proc. 2nd. Intern. Cong. Soil Sci. Moscow, 1933, comm. 
II, 175. 
11. The estimation of the "lime- re uirepeüt" of the soil. 
I.S.S.S. Copenhagen, 1933, Trans. Comm. II, A, 102. 
p_2. The variation in soil acidity. Ibid, 107. 
3. The effect of additions of lime and sulphur on soil acidity, 
crop yield and absorption of calcium and sulphur by the 
plant. ('With A. Robertson.) Ibid. Proc. Comm. IV. 
Observations oftthe effect of various fertilisers on soil 
acidity. (With A. Lauder.) Agric. Frog. 1934, 11, 93. 
5. The increase in the protein content of oats Obtained by 
delaying the application of nitrogen. Scot. J. Agric. 
1934, 17, No.4. 
16 Available plant food in soils. New biochemical methods of 
estimation. (With R. Coull.) Scot. J. Agric. 1932, 15, 
262. 
i7. A study of the technique of the Aspergillus niger method of 
estimating soil fertility. (With A. Dryburgh.) 
I.S.S.S. Copenhagen, 1933, Proc. Comm. IV. 
. The examination of soils by means of Aspergillus niger. 
(With A. Dryburg }.) J. Soc. Chem. Ind. 1934, 53, 250T. 
Some aspect of soil acidity enters into all the papers 
1 - 14, with the exception of numbers 2 and 5 which are in turn 
intimately connected with numbers 3 and 6. Many of these papers 
however, consist merely of brief descriptions of new methods and 
concise summaries of results. It was, therefore, considered 
desirable to collect the observations bearinP7 more particularly 
upon the question of the variation in soil acidity and prepare a 
l' 
single statement of -:e investigations in section I. It was als 
felt that a critical review of the data could not be made withou 
a preliminary examination of the experimental errors involved an 
this has been incorporated, partly in the text and partly in the 
appendices. 
The immediate practical importance of the results is 
regarded as the chief feature of the investigation described in 
section II and only one paper (15) summarising the position has 
been published so far. The experimental details and the 
statistical analysis of the different sets of results are pre- 
sented here for the sa' :e of supplying certain data connected with 
t::e other sections. 
The material of section III is included in papers 16, 
17, 13 but since number 17 is not available, except in mimeo '-raph 
form, the results of the investigation have been rewritten. 
Copies of papers 3, 4, 5, 6, 7, 8, 9 and 12 are 
attached. since, with one exception, they contain material which 
has only received brief mention in the text. Numbers 2, 10, 11, 
14 and 18 are reproduced in the text and appendices, while copies 
of numbers 13, 15 and 17 are not available. 
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INTRODUCTION. 
Some idea of the outstanding importance attached to th 
question of soil acidity is readily gathered from a survey of th 
current literature on aricultúral science, but a proper appre- 
ciation of the subject is of comparatively recent date. Even 
when the use of indicator solutions attracted soil investigators 
to measure the -actual hydrogen ion concentration of soil extract 
rather than the titratable acidity, the technique was not simple 
enough to encourage the general application of the method; and, 
even when the hydrogen electrode became an instrument of increas 
ins importance in physical chemistry, its useiülness in the 
examination of soils was limited, by the nature of the deter- 
minations, to intensive rather than extensive studies. The Brea 
enthusiasm for soil pH determinations may be said to have fol- 
lowed the introduction of Bülmann's quinhydrone electrode (6) 
1921and the realisation, soon afterwards, of the close relation- 
ship existing between the acidit_:r and base exchange properties o 
the soil. The researches of Godroiz (15), Hissink (21) and 
Wiener (70) in this respect, and a comprehensive statement of 
the position by Page (41), probably provided the chief impetus to 
a renewed attack on the subject of soil absorption and the new 
problems associated with it. 
The simplicity and speed of the quinhydrone electrode 
were soon appreciated by soil investigators, and there followed, 
from laboratories all over the world, a very large amount of data 
on soil acidity so that the literature on the subject increased 
rapidly. It was not until 1929 that certain doubts, which had 
been entertained for a few years, about the universal applicabili y 
of the quinhydrone electrode, were shown to be justified (19) , b 
by that time the glass electrode had received a good deal of 
5 
attention 35, 40) and a suitable technique 
was soon developed 
for its use in soil work (38). Wherever a soil is suspected of 
giving erroneous results with quinhydro :e, on account of the 
presence of manganese dioxide, the investigator can turn with 
confidence to the glass electrode. The machinery is, therefore, 
available for the rapid and accurate det ermination of soil 
acidity in presence of water. 
It is possible, however, that the ease with which pH 
determinations can be made has been instrumental in obscuring 
their real meaning. There is no necessity to describe the value 
of such measurements, but there has undoubtedly been a tendency 
to overrate their importance. The pH value of a soil is merely 
a characteristic of the particular sample at a particular time 
and, unless it is so regarded and considered in conjunction with 
other properties of the soil, there is a real danger of mis- 
judging or misinterpreting its significance. It is to be feared, 
therefore, that a large number of the published figures on soil 
acidity have been collected without due consideration of their 
relative and absolute values. Correlations between pH figures 
and other dependent and independent variables have also been a 
feature of publications during the last ten years, but their 
validity is frequently very largely discountedby an unconscious 
or studied neglect of attention to the actual meaning and limita- 
tions of the figure for soil pH. 
In the course of the collection of data on soil 
properties and on the relationships existing between soil and 
plant, the writer has been impressed by the manner in which the 
hydrogen ion concentration of a soil may change, and has felt 
that this very important behaviour of certain soils has not 
received adequate consideration. Apart from a single paper in 
1923 by Kelley (27), showing the variation in soil acidity during 
a/ 
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a year, the question seems to have attracted little attention. 
Since the publication, in 1931, of the results from some prelim- 
inary experiments by Smith and Robsertson (57), several 
investigators have brought forward additional evidence on the 
seasonal variation in soil pH, but the data have not been 
supplemented -to any extent by other experimental results and the 
reasons or causes assigned to the variation have been largely 
speculative. There is no doubt that the growing plant plays an 
important par in the phenomenon, and the material collected 
during the past six or seven years on this subject is presented 
in the following pages. 
An attempt is first made to assess the errors 
associated with soil analysis in the laboratory: that is followe 
by an examination of the errors experienced in pot experiments 
and the greater errors incurred in the field. The results 
obtained in the course of several investigations carried out 
under field and laboratory conditions are then submitted and 
discussed in relation to the mutual effects of soil and plant. 
The results are generally summarised in graph form and included 
in the appropriate section, whilst experimental details, 
calculations and supplementary work are given in the appendices. 
EXP ERIY NTAL ERROR IN SOIL ANALYSIS. 
The question of experimental error does not ordinarily 
excite mach attention in chemical analysis when one is dealing 
with relatively small quantities of pure substances. The 
materials are homogeneous or can be ground to a state of very 
fine division so that sampling errors are very small: the errors 
involved in the subsequent analysis may readily be checked at 
various stages in the procedure, and the total error permissible, 
byj 
by the generally accepted methods, is commonly less than one per 
cent. 
In the analyses of soils or plants, the state of 
affairs is quite different. The material, in the first place, 
is not homogeneous; in the case of soils, grinding introduces 
complications except when a complete analysis is to be carried 
out; in the case of plant material, grinding does not usually 
produce an impalpable powder. The sampling errors in the 
laboratory are, therefore, of considerable importance. 
1. Laboratory Error. The almost universal practice in 
preparing a soil in the laboratory for analysis is to break up 
the lumps by means of a wooden pestle or roller and remove the 
stones by means of a 2 mm. sieve. When only a small quantity of 
this "fine earth" portion can be examined, as, for example, in 
the determination of carbon or ni'rogen, it is necessary to grind 
a representative sample to a fine powder from which small amounts 
can be taken without incurring serious sampling errors. The 
errors of the determination may then be regarded as due mainly t 
the analytical technique. The same may be said to be the case 
when the clay fraction is separated for special examination. Th1 
experimental errors in such cases really fall into the category 
of errors of chemical ::.arc the aamplinc- errors are 
small. 
For other ,?eten-.___o-`__ ::here lar', -, samples re, uire 
to be used, it , not 1' :r i i hl c L grind 3 l,.r: - o---. r.nr_cica o  u 
quantity b11 it is not rer._..'s_n'__ to Pmÿlo7 the ground saple. 
For e:.a`l.le, it has been ^-.'n= Lïì,^,t both the amount relative 
o1. 2rtions of the ez_chw._7c_:bl e .ses : soil are seriously c_.s.
_''`'^, ,.._'. 
_ 
LT-----ne the silicates (22). It is =?eces:.ar r, 
' --`-- 
_.:t_._ 
lí;. from a bull sample cf a heterogeneous 
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2.5 per cent. - a standard error of 3.3 per cent. There is not 
much doubt t`?at a larger proportion of this error lay 
in the 
laboratory sampling than îr the subsequent 'operations. 
The 
technique employed in a mechanical analysis or in a total phos- 
phate determination is rather more complicated acted subject to 
error, hope -:er, than a lE-r _e number of simpler measurements 
commonly made with soils. It might reasonably be expected, for 
example, that the analyses of various soil extracts in water, 
prepared under controlled conditions, would provide a good 
estimate of the error due to the preliminary sampling of the 
soil, and the following figures have been obtained in the collet --I 
1 
ti on of the data reported on pp. 45. 
(a) Soil extracts. In this case, a large amount of air dry soil 
was thoroughly mixed, by repeated sieving, and divided in 100 g. 
portions. These were kept moist for different lengths of time at 
a temperature of 13 -20 °C. and were then shaken with 500 c.c. 
water for 30 minutes in an end - over -end shaker. A clear aqueous 
extract was then obtained by filtration and calcium was deter- 
mined in a definite volume of each extract. Each test was carrie 
out with duplicate portions of soil so that an examination of the 
duplicate determinations gives an idea of the degree of varia- 
bility to be expedted in such an analysis. The determination of 
a small amount of calcium (the figures never exceeded 1.7 rigm. 
equiv. per 100 g. soil) in a soil extract is obviously subject to 
greater errors than would be incurred in a straightforward 
chemical analysis, but it is fairly typical of much soil work. 
The statistical examination is given on p. 65 and shows that a 
difference of 0.05 mgm. equiv. per 100 E. soil, equal to about 
7 per cent., would be unusual in duplicate determinations by this 
Method. 
Cb)/ 
(b) Eelworr! infestation. The results of another investigation, 
on a totally different subject, seem to throw a good deal of 
light upon this question of the laboratory error of sampling a. 
the soil . One method of 'estimating ,,.,e infeatation of an area 
suffering from "eelworm disease" is to count the encysted 
females of Heterodera schachtii in the soil, and a study was 
made of the errors involved in the technique (56) . The number 
of cysts in 10 c.c. soil varied from about .10 to 50 or 60 in 
heavily infested areas, and it was demonstrated that the numbers 
of cysts found in soil samples, taken at random from a bulk 
sample, were distributed according to a Poisson series (see pp. 
66 -71) . Although the standard error due to the laboratory tech- 
nique was of the order 5 per cent., the mean value of 10 counts 
was actually a reliable estimate of the number of cysts, and, 
even if the technique had been perfect, there would still have 
been an inherent percentage standard error comparable to that 
mentioned. Now in this case the laboratory error lay almost 
entirely in the taking of the individual samples of soil from 
the bulb sample, the subsequent procedure being merely the 
shaking up of the sample with water and the counting of the cysts 
which floated to the surface, under a low power lens. The dis- 
tribution of the cysts in the original bulk sample must have been 
comparable to that of soil particles of a similar size, and the 
errors involved in sampling for cysts counts would seem to be 
closely related to those in sampling for other purposes and 
especially for mechanical analysis. As a matter of fact, Robin- 
son and Lloyd (48) found that the probable laboratory error in 
mechanical analysis varied considerably for the different soil 
fractions and that it was about 6.3 per cent. in the case of fine 
gravel. This is equivalent to a standard error of between 3 and 
4 per cent. for the mean of 10 analyses and is rather less than 
the/ 
the figure for cyst counts. One point which merits attention, 
t 
however, is that the soils concerned in this investigation were 
of a peaty character and were, therefore, more difficult to 
handle than normal mineral soils. 
(o) Biochemical analysis. There are certain other branches of 
soil investigation in which the errors of laboratory technique 
are due not only to the preliminary sampling of the soil but to 
biological factors which are not always under control. Fer 
example, in the dish experiments reported on pp. 3 -45, the 
experiments were invariably carried out in duplicate, but it was 
impossible to ensure the same rte of growth of the plants in 
duplicate dishes. A great variety of factors is obviously 
involved in such a case and it is only after frequent repetition 
of the experiment that the results can be regarded with confidenc 
The same applies to the biological or biochemical methods of 
estimating the manurial requirements of soils, and an example of 
the errors associated with the Aspergillus niger method is given 
in section III, pp. 150 -156. It is shown that, in the determina- 
tion of available potassium or phosphorus by this method, the 
standard error of the :dean of 10 replicate tests was 5.63 and the 
percentage standard error 4.5 to 5.0 for an individual. determina- 
tion. Such accuracy may be re7arded as Quite gcod enough for 
this type of rout4ne test, for it is in the interpretation of the 
results that the chief difficulty arises. 
(d) pH Measurements. With respect to the errors in the measure- 
ment of the hydrogen ion concentration of soils, a good deal of 
recent co- operative work has been carried throuEh so that both 
the reliability and accuracy of different methods are now well 
known. The literature on the subject is very extensive, but 




Committee of the International Society cf Soil 
Science (60) and 
I 
to the more confined work of the Soil Analysis 
Committee of the 
¡Agricultural Education Association in 
this country (4) . When a 
technique, such as that recommended 
for the quinhydrone electrode 
by the I.S.S.S. cor:ittee, is followed, the agreement 
obtained by 
different workers is quite satisfactory provided, 
of course, than 
the soils are free from substances which react 
with the quin- 
hydrone. When the potential of the electrode exhibits a drift, 
in the first few seconds after the mixing of quinhydrone with the 
soil, the measurement is not satisfactory and only an estimate of 
the true p= can be obtained by taking a reading at once. In such . 
cases, it is necessary to e-- .plow a colorimetric method or a glued 
electrode, and it is probable that the latter will become increas- 
inely popular. It possesses the great advantagesthat (1) glass 
is the only "foreign" substance intrsduced into the suspension, 
(2)a true measure of the hydrogen ion concentration is obtained 
eve:_ in presence of strong oxidising and reducing agents, (3) the 
established almost instantly and (4) a working rang potential is 
of pH 1.5 to 10.E great enough for motet purposes in soil work. 
Tile disadvantages of ...,_ ._in i th a fra i s membrane g__e gla s  of 
very high resistances have been largely overcome by improvements 
in the design of the electrode and by the use of a potentiometer 
circuit incorporat e` one or more thermionic valves to amplify 
the current. When a soil is free from the active form of mangan- 
ese dioxide, which appears to be responsible for secondary 
reactions with ,uinnydrone, the glass electrode does not possess 
I 
any- advara -e over the quinhydrone electrode. ";one of the soils 
Idealt la this work Shored any appreciable potential drift 
w 
quinhydrone electrode, ui , ! ap which has been used throughout, 
; : < 
- a Cambridge potentiometer unit, essentially as recommended 
bT the Soil Reaction CoTm.ttee (6.Eì) 
10 
With respect to the accuracy of the measurement, it is 
obvious that any one worker may be exi.ected 
to obtain more unifo 
results than a series of workers, a-d 
the variation in the pH of 
duplicate samples is usually small. A 
few examples are Liven 
below to illustrate this point. In the series 
of duplicoe 
3: eo -,:ed in preparin: aciueous 
extract-3 for calciu 
o , ocartions of to suspension were taken 
fo: ea-ar- - _t . The -re,test differagce in 
potential 'betwee 
-;7 O 7 -. 1:7E to about C.T=. pH unit, 
beo . 1.3 and I .4 nv. These 
.reds of duplicate 
p- _t Le Is w"fc-- a-- bei made in the coarse of rece _t 
'Pr= the dish 
sa.,.Les of 
fro::: each , 
were also in ' act of r-7.2 77'rs of results fron 
individual diohes, toicn bt randc frel: the tables, sho 
oto.11dar.: d=iation of the difference between d-s_ploatec was 
tren fer pH 
,Th 
. est of 50 e'eservations for dal2licate dishes 
hae7, as he expected, a r-hea -re-ter '>7. 01- Of 
In the experi__L--:,ts with -peas, cats, mod barley, :;he seed: were 
Planted in 15 - soil the whole sample was taken for 
the a_easuremelet. In this case a set of 50 results 
du7.:licate dishes P-a,, a e standard deviation of 2.4 while a  
similar set from unplanted control duplicate dishes zavo approxi- 
7,-el-r the same value, viz. 2.6 1-17. 
On account of the presence of plants in any of these 
,co,e,- the above results are higher than would normally be found 
for :17, soil samples, 1: :t - chow that with a standardised 




expected in the pH value of duplicate samples 
of soil in 
laboratory experiments 
is only of the order 0.05 unit. In terms 
of hydrogen ion concentration,- such a 
variation is, of course, 
considerable, being rather more than 10 per 
cent.,- but, in 
reality, it is quire eniall compared with the 
normal variations 
encountered in soil acidity to be described later. When a 
sample of soil contains particles cf free lime or calcium 
carbonate,- it is sometimes difficult to obtain constant and 
uniform pH values, but this may be regarded as a particular case 
in which an accurate pH measurement is not of much importance. 
From the above observations on the results obtained in 
different lines of work, it appears that the errors associated 
with the laboratory technique in soil analysis may be as great 
as 10 per cent. and that in the determination of the hydrogen 
ion concentrations of soil suspensions that figure serves as a 
useful guide in the interpretation of small differences. 
2. The Error in Pot Exae :iments. Before going on to 
examine the question of t;-_e normal variation found in field 
experiments, it is desirable to give some attention to the 
errors incurred in pot experiments. On account of the fact that 
several pots are commonly filled from a large composite sample 
of soil from the field, which has been thoroughly mixed and 
riddled, the pot experiment is bound to be capable of yielding 
more accurate results than a plot experiment with the same soil. 
The soil is only one factor affecting. crop yield so 
that data on the yields from individual pots can scarcely be 
accepted as a sure measure of the error of the original sampling 
An indication of the variation is given, however, in the results 
from the following experiment. A large composite sample of soil 
weighing about 1000 lb. was broken up, passed through a 
and/ 
and divided into three portions. Portion 1 received the addition 
of 0.02 per cent. sulphur, Portion 3 received 0.1 per cent. 
calcium hydroxide, while portion 2 was left untreated. Every 
precaution was taken to ensure that the sulphur and calcium 
hydroxide were uniformly incorporated in the soil . Each portion 
was then subdivided into 10 samples which were placed in 12" pots 
Potatoes were planted two days later and the pots watered. A 
sample of soil was taken from each pot by means of a small auger 
three days after planting. The sulphur and calcium hydroxide had 
only been in contact with the soil for five days and the effect 
of the sulphur was not apparent in the first week, but the result 
for each set of ten pots were ermined separately. The first 
pints through the surface did not appear for some three wee'_s 
so that their influence could be neglected. The standard devia- 
tions were 2.2, 1.4 and 3.7 mv, respectively for the sulphur, 
untreated and lime sets. In other words, the degree of variabil- 
ity amongst 10 pots filled from the same sample cf soil was of 
the order.04 or .05 pH unit, which is similar to that found for 
laboratory sampling. 
These pots were sampled at frequent intervals and the 
first 40 sets of pH figures for duplicate unplanted pots were 
examined to esti_ate the variability between pots over 3 growing 
seasons. The standard deviation of the difference between 
duplicate pots was 5.3 mv. in the case of the sulphur ;treated 
soil, 3.1 mv. in the case of the untreated soil and 3.0 mv. in 
the case of the lime- treated soil. 
These larger variations were not due entirely to 
sampling because the hydrogen ion concentration of the soil 
fluctuated considerably during the above period of observations 
and the fluctuations were naturally greatest in the case of the 
soil which was treated annually with sulphur. The relationship 
which/ 
which necessarily exists between acidity ^-...d other soil 
proper- 
ties, however, suggests that the figures 
given above furnish a 
reasonable guide to the errors associated 
with the sampling of a 
soil in pot experiments. In this 
instance, they- may be taken to 
mean that a difference of more than 0.1 pH unit 
between two 
samples is unl i:_ely to he due to sampli_nr 
error. 
The results obtained in pot experiments are usually 
recognised to be not directly applicable 
in the field on account 
of the rather special treatment given to the plants and the 
absence of subsoil effects. It does not seem to be so generally 
recognised that the mere handling and preparation of the soil 
before patting exerts an enormous influence on its properties by 
producing much more rapid changes than could occur in the field. 
When a soil is well aerated and kept at a moisture content s_'.it- 
able for plant growth, there is e rapid increase in the concen- 
tration cf the soil solution (54). The detail, which are riven 
( pp di° III) she: t?t ± h e co c eet rat i G of calcium and Wa~- 
nesiu_.. _n the di srlaced e solute ; or -.__ mar, i fact, be de_ ;bled 
f i_ t :e course of a mc_ th' s st a ge a t, - y c 1 cr_ _ -- = rac _ 1 ~aer the 
i of fect s of addition of li mectoee to a soi! . Differe, iCeB which 
mi ht be observed under field conditions are liable, therefore, 
be obscured o exaegerated in Dot experime vs as - ressul , cf 
the intensive biolceical activity ...-_c- e s y- -ir th 
under the. more favourable -List_ ?r = a_n air conditio¡Ls. T e 
relativ- ?-+c c..rae -f t - Jrt e ie- mQ -1 _ s, the refu re mis_eadi-r_r- 
and s =- sometime responsible for erroneous estimates of the value 
cf the results. 
The..,Error_in- -Fi,elct Experiments. In-the- field, the 
s- :lin` diff c il ties are ̀ natyural1u rouer,. greater or_ 'accour_t of 
the comparatively large fiuctuat sons which --aré_ possible in the 
p roperties,/ 
1-- 
nrope.ties of the soil, and tt_,. e difficulties are ._ncreas-d 
the anr* biological and climatic factors outside exçeri ental 
control. The consequence is that, even in agricultural chemist 
the accuract* attainable in the laborct. r:.r is in an entirely 
different cite wry fro"_ t t possible in securing the material 
for analysis. 
More tha _ 30 7ears ears aro, Leather (31) drew attention to 
the question of variation i__ soil samples¡ and about 
25 years 
ago, Wood and Stratton (71) and Mercer and Hall (37) emphasised 
the need for caution in interpreting experiments) results and 
showed how normal variations in composition and yield of crop 
eight be dealt vdth. As in pot experiments, the soil my ws e. 
one cf the factors concerned in the production of a crop, co 
that figures for crop yield on different plots do net prcvide a 
means of estimating the errors incurred in the sa pli_ng of the 
soil. At the same tip, the results cited by the above investi- 
gators, and the numerous more recent data from uniformity trials 
suggest that the soil miMt vary considerably fron oint to point 
over an apparently fairly uniform area. Robinson and Lloyd (43) 
in their study of this question, came to the conclusion that the 
field error was about twice the laboratory error in mechanical 
analysis, a mush more than that in chemical analysis. Figures 
+ + 
of -5 and -10 per cent. respectively were suggested as liberal 
estimates of the probable field errors for mechanical and 
chemical analysis associated with the sampling of a soil on a 
reasonably uniform area. 
These figures bear a striking similarity to the errors 
associated with the estimation of the infestation of H. schachti 
and discussed in Appendix II. In this case, the question 
involved the degree of variability in infestation over small 




technique was lure, but the field errer was o'zt twice the 
labor tory error. 
A1th'uc-?-, there 17.c: been an increasing.. effort in the 
last few years, partioti1crly in this country, to 
carry out field 
experiments in such a way as t _ secure suitable estimates of the 
variability due to casual factors such as the soil, very little 
the to have been published concerning  ne norrna. l variations in 
the properties of the soil over small areas. Post (42) made an 
examination of the soil variability on small plots in so far as 
nitrogen content is concerned and found that the laboratory 
field was so low coï^ a_red to Meld. error that it could almost be 
disregarded: but, generally speaking, this point has been 
seriously overlooked, and many investigations have unfortunately 
been carried out with great attention to ana ytical detail but 
without due appreciation of the preliminary sampling errors. 
(a) General observations. There is no doubt that differences 
in soil properties are frequently revealed ire the field by rather 
obvious differences in crop or flora. For example, the incidenc 
of leaf stripe on oats is commonly observed to be associated editl 
soil acidity and the follo i s pH figures are quite typical :- 
Field A B C 
Area affected with stripe 7.46 6.93 7.72 
t.djoining area, unaffected 5.90 6.43 
Such results may he obtained over areas which have 
apparently had the same history of cropping and treatment. 
Similar observations mar be made on grazing land where the plant 
associations sometimes vary to a considerable extent from point 
to point on a field. The folloAng pH figures were obtai ned for 
samples of soil taken from clover Patches and practically clover - 
less patches a few inches apart:- 
Field A 
D C D E 
Clover patch 4.97 5.35 5.20 6.22 5.68 
Cloverle s : patch 4.62 4.95 4.50 5.82 5.0 
It is quite obvious, threfo-re, that soil acidity may vary 
between fairly aide limits within very small distances on a 
field. It is ai .i evide[:t, of course, t:îat t:.e ` nature f .r e_ the 
herbage is not d`termined directly by the pH fivure, but this 
qlle8tf.oTB. will Ge later. 
(b) Norr,z1 variation if a id :t r. .cite apart from differ- 
encee revealed by plants, however, innumerable individual boring 
or composite samples _a -,.e ._emorst.reted that a considerable 
variation in soil acidity ma -,r exist from point to point over 
even quite restricted areas. Headland influences are well known 
but surprisingly lare differences in droszen ion concentration 
may also be found along strips or through plots which, from all 
outward appearances, are perfectlg* uniform.. it few examples v,ill 
,office to illustrate this Doan 
In t:_c investi=at -on on H. sc ̂ ac htii previously men- 
tioned, an attempt Haas ',de to =_r Thether any correlation 
existed between the p;-". t_- çrc` counts _,r various 
samples (53) As describe_ on , a narrow strip rennin 
across a portion of -_ i.o lengths Glrinc- a 
series of ten plots e^,. __ about 5C to . - in á *_ +r area, and Ñ 
Composite sample of soil consisti-- of _'t least 10 borings was 
taken from each plot. A statistic-1 al`-i8 ,f ;_,. H f' tre9 
f 
for the series 23 -32 and 00-75 of peaty sands a_'-nxd for the series 
4G-55 nd 11-20 of peats, shows that the standard deviation is 
equal to 0.163 or, in other ::,cr,ds, the odds are even aEainst a 
difference of about 0.15 pH ztn it between two plots being due to 
an5.' LLj2^.1 n` but ciS n^g 1 vì8 en i itl-. , in .-.a rip S ,.bout 100 to 15 C 
yards long running across these paa-tìduie.r fields, only difTeren 
in acidity 
r eascL__ :;lc, 
velue "ro:,' 
hydrogen < i 
some ides. 
amounting to about 0.4 pH unit could be retarded with 
certainty as not b_n` due to cancc. A change in pH 
.G to 6.5 is ecuivaler_t to a decrease in 
ol concentration of nearly 70 per cent. which gives 
cf rP*_nark_?ble variations in the degree of acidity 
whícsl may occur in t? Le fief . 
I- a rmore rec rt ieriLent in connection with the 
f a lawn by ;_,an'Jrial treatments, en area of 5,600 improvement c 
eq. feet was divided up into 3 randomised blocks of 7 plots, each 
of which was 10 feet scjuare. A cômpos to soil sample of 9 bor- 
ings tirs.s taken -'roe. ecoh of the 3 control plots four times 
during tree ,.od 1-'arch to August. An eXan:ination of the j'_14 
figures for each set of results for these plots showed that, 
even over such a small specially prepared area, the et a._dard 
deviation was 0.122 pH unit for any plot or 0.173 for the dif- 
ference Letr:ee__ t',.o This is rather more than 3 times the 
laboratory error *.7.73 t_ e -_ P=_ el? er ror approximately 
0.166. 
A si _:_i1 ar fr= a pint experiment 
described lat er, -77 . Ir CE .f! 4 ot ,t o _ f:.t s on .._ 
untreated plot c" 220 S7. __r=°7 ;:_d a of soil 
Was taken _rv_.. t._.. root:, i-_nt 7 duna: the rl^wl__ 
season. The st .__u sr:: cev-4t_,._1 of '.,et;,ean sample 
from pairs of plants wao 0.17 ff. unit. In this experiment, the 
normgl variation in the soil to have ben reduced 
a minimum by ta:cin_g t'_e sa p1es always from the se=e spot and 
that the variab111t'- was due lar -ely to ti-le influence of the ti 
growing plant. The result de_::onstrates, ho.e,er, to o order of 
the differences to be expected between duplicate samples of soil 
from a plot experiment durino the _,rowing season and the magni- 
tude of the field sampling error. 
It 
It is no; : possible to asses s with some _deLrc--ic cf 
the sease-nal fluctuations in soil acidity which have 
b.een. o1:s-rvt-:71 Vle course, of a study of the question during 
rr, rerarded as lying outside experimental 
ac-_trol . 
VARIATIO7 IT SOIL ACIDITY. 
2-r-viously mentioned, t'ne hydrogen ion concentration 
re:7arded as more than a single characteristic 
of tl-:e 3)-11 a particular set of conditions, and it has been 
4,ffE.,,cted the 
-.n iu :.o:.l ocroto 15). concentration of 
'77 k-;Ctr.:71.:'-t-i:. considerf-:le seasc.,-nal variation 
a -look upon fluct,2.,Itio-nT-- in roil acidity w4'..-being 
-intimately 'connected With changes in the soil solution. 
J-P 4,-,c clia-nga 
t Co o cert,,:..in 
_`:.) in other cases. For 
example, Zell.- _ , 
although the pH value night vary as much as one unit during the 
year with some soils, 7:erc generally. 
but not invariably, the acidity icrn dry E7.11m-cler 
months, or on fr(,ezin7, -and decr-_ o-r-irin,r,1 value 7:ith 
ha. over, no apparent :'elot io:hip 
1-3-t-;;r--. :r", 
- - 2C ti pH v:lu 
decreases :luring sumaer, but t_lat, nc...rtr.1 soil 
--0 el.ati,_ee are irrezular. In a more recent paper, 
organ (64) report c - -`hrec years. The cro- 
vas tobacco, and the pI volues reacha-d a fdininrum during cuumer 
q Y1(1 
and returned to approximately the or7 gincl fi v.r.::s 
follo-: spring. 
A _._.i.br of still more recent papers, published since 
the present or'__ was started, provide sufficient data to show 
that the changes in soil acidity cannot be simply expressed. 
Harris (17) , for example, fouregreat irregularities under all 
conditions of cropping, the fluctuations over a short period in 
summer being sometimes as great as the total annual variations;. 
he also observed that the seasonal fluctuations were not con- 
stant. Hester and Shelton (20), also in the United States,fould 
ti tt low pH values in July and high values in December corres- 
ponded respectively with hish and low concentrations of water- 
soluble constituents in the soil. In Hungary, Fehr has also 
found an inverse relationship between pH value and electrical 
conductivity, although his minimum pH values occurred in autumn 
(12) . Salminen (50), in Finland, has discussed the changes in 
relation to the drying and wetting of the soil, while Radu (11"f) 
has examined the changes in relation to the temperature and 
moisture conditions a:.d the colloidal complex of the soil. Ther 
is no doubt, therefore, that the question is attracting the 
attention of soil workers in different parts of the world and 
that discrepancies in different sets of results, are to be 
attributed mainly to diverse local conditions of climate and soil 
In the course of an intensive investigation of 'large 
number of potato plants in 1929, the soil beneatheach plant was 
sampled several times during; the growing season. A study of 
about 500 pH determinations of these samples revealed interesting 
fluctuations, similar to those mentioned above, which suggested 
a close correlation between soil acidity and stage of plant 
growth. In order to examine this point more closely a series of 
field aid plot experiments was carried out in 1930, and the plot 
experiments/ 
experiments have been continued until 1934. Various 
pot and 
incubation experiments have been carried out concurrently in 
order to test the field results with greater facility and 
precision. Brief notes on all the soils investigated may be 
most conveniently given at this stage. 
1. The Soils Examined. Although all the soils occur 
in a comparatively limited area of about 6 miles in radius in 
the neighbourhood_ of Edinburgh, there is a considerable varia- 
tion in their chief characteristics. 
Soil B. College Experimental Farm, Boghall, elevation 
600 feet. Most attention h a s been given to this soil. I+ has 
been studied in a. series of field plots acd in pot and incubation 
experiments. The mechanical analysis by the International Pipett 
Method (3) gives the following percentage cómposition;- coarse 
sand 20, fine sand 26, silt 24, clay 25, air dry moisture 3.7, 
loss on ignition 7.4. The "Lime -requirement" by the Hutchinson 
and MacLennan method (25) is about 0.20; CaCO3. 
Soil P. Boghall, elevation about 1300 feet. The sample was 
taken from a peaty layer 9 -10 inches deep overlying well weathere 
basic andesite. This peaty soil has been examined only in 
incubation experiments. The loss on ignition of the oven dry 
material is 48 per cent. 
Soil 71. Boghall, 600 feet. This is a lieht sandy soil 
aken from a mound of glacial sand, which at one time supported 
reel but which was cleared a few years ago and has not been 
ultivated during the last 70 or 80 years. The loss on ignition, 
sue largely to partially decayed organic matter, is 9 per cent., 
;hilst coarse sand amounts to 50 per cent., and fine sand to 20 
er cent. A previous investigation of this soil (51) showed that 




1 able bases, of which nearly 7U per 
cent. .r.,C Trou aluminium- 
Soil G. This is a sandy soil, from an uncultivated 
raised 
beach close to the south shore if the Firth 
of Forth, and has 
6', per cent. coarse sand, 10 per cent. fino sand, 
8.5 per cent. 
loss on ignition. 
Soils L, D and E are all about 100 feet above sea level and 
might be described as ,garden soils which have received large 
dressings of organic manures during many years of intensive 
cultivation. Whilst Dl and D2 represent two sections of the 
sane field, El and E2 are from different fields on the same 
farm. 
Soils Cl and 02, from different fields of the same farm, are 
both heavy loans . 
Soil F is a soil very similar to B in regard to texture and 
environment at 600 feet above sea level. 
Soils H and I, from different fields of the same farm, are 
loans and rattier similar in their chief physical properties. 
As far as the fi eld experiments were concerned, the 
manurial treatment was essentially- the same in all cases, amount - 
ing to about 20 tons per acre of farmyard manure, and 8 -10 cwts. 
of artificial fertilisers in the usual proportions adopted for 
potatoes in this area. No farmyard manure or artificial ferti- 
lisers were applied in the prelimary series of plot experiments 
in 1929 nor to the second series, also on soil B, until 173 
when the plots were subdivided for a top dressing experize t 
ammonium sulphate (see p. 107) . Both series of experir :erts, how- 
ever, involved the following treat!eAs with sulphur and calcium 
hydroxide to obtain. vervin decrees of acidity on the sane soil. 
(a) Plot experiments/ 
(a) Plot ex:neriments. .1_) 1929 Series. Soil ?. Treatet 
4 brforT] - 
Plc t " 1ccc lb, sulti-lr p-4. acre. 
- 
T c7:t. caloi-- h,:droxde pe'l- Lore. 
H 1 19 ii IT ti IT 
4":1137: -)1,:-;1;c a:1d tl-,e avcraze 
froni four potL,to 7,11 each 'lot are subnItted (-Pia. 1) ,lor, 
with the other field o'oser,fatios for 1929. 
(ii) 
2 sets of 
170-174 Series. Soil 3. The area was rlivided into 
each. The treatrients were:- five -/200 acre plots 
Set Plot '77 11. ':),.7) 3. 4. 30 31. 3. 31 18. 3. 32 
A 1 - 5 lb. S - 4 lb. S 
A 2 - 0 lb. S - 2 lb. 3 
A''.) - - - - 
A 4 12 lb. Ca(OH) 2 - - - 
A 5 3611. n - - - 
B 1 - 6 lb. S 4 lb. S 2 lb. S 
B - 2 lb. S 2 lb. S 1 lb. S 
B 3 - - - - 
B 4 7 11. 0a(OH)2 - - 
B 5 211b. " 
The croppinc has been different on each set of plots 
ad is shown on fig. 5. Durinc- seasons 1930 a_id 1)31 a central 
strip 3 feet wide ranniqc- through B set of plots was kept fallow. 
At regular intervals in 1930 o composite saLl-ple of 9 or 10 1:orici,q 
was taken from each of the plots of set A: in each of the plots 
in set B, a composite sar2ple of soil was talzen fro_ rcs cf 
:aarked potato plants. 
(h) Field 1979 1930. Various soil6 
potatoes. Twelve healt111, potcto 21..;.nts were flarked at L, 0 and 
D and two at E. In 192?, additLontJ:1 datL wore collocf,orl from 
four plants at F and two u.4.. I and I. Soil s.,mp'co were taken 
from the roots of each plfy,it at LAervals between the curly 
stages of growt.7.-,. and 7,:'11-vet an,1 all th reault::4 for euch coil Dt 
each sampling hay everured vad arc 0-ecoamtl la figo. 1 at-1,1 
2/ 
n 1]ach of the lines L, 0 and D, therefore, r eprese:,t an 
aVerJ; e for 12 s:.!tj 1e;, F a_i avera`e for 4 saïgles and E, H and I 
Per 2 Cal': results for soils under crop were obtained 
in 1929, but in. 1930 it r s essible to obtain figures for fallo7 
areas oLi soils C and E. 
2. Determination of Lcidity. In 1929, the soil 
samples were «llowed to dry at rood temperature (15- 20 °C.) and 
the h; dro e ion concentration was determined by Leans of the 
quinhydrone electrode (7). About 10 a. soil, 25 c.c. of boiled 
distilled water and a fer, decigrams of quinhydrone were shaken 
together vigorously for 30 seconds and allowed to stand for a few 
minutes bef3rs the potentiometer reading was taken. Durily 1930 
the soils were usually examined soon after sampling and invari- 
ably within 24 hours, and the sale can be said of all the pot and 
incubation experiments. After 1930, the samples from the plot 
experiments wer usually allowed to reach an air -dry condition 
and sieved before making the pH determinations. 
Aarnio (1) has described remarkable increases in soil 
pH by drying at 25 °C. but Terasvuor (65) found that air drying 
generally produced no effect, and Deines and Kleinschmidt (11) 
have shown that soils dried in vacuum (300/25 mm.) suffer no pH 
change. A series of determinations, of which the figures in the 
below 
Table / are typical, made ims:.ediately after sampling and again 
with the same soils in an air dry condition some months later, 
indicated that changes due to drying at room temperature were 
practically negligible. 
TABLE .. 
pH values before and after drying. 
Soil B1 B2 B4 B5 
Freshly sampled 4.71 5.57 6.65 5.66 
Air dry 4.72 5.60 6.63 5.63 
2 
As previously mentioned, it has been established. (1)) 
that errors in pd determinations by means of quinhydrone may 
occur with certain soils, but a number of "10 second values ", as 
recommended by the special committee on soil reaction easuro- 
meats of the I .S .S .S . (6o), showed that there was no drift, .dux 
to the presence of manganese dioxide in any of the soils under 
investigation. 
3. Results. 
(a) Field ex eriments 1929 and 1930. The first sample:- were not 
taken until the end of June, when the crop was fairly well 
advanced. A consideration of figs. 4 or 5 shows that a large 
increase in acidity had taken place by that date at a locality 
which is much "later" than all others with the exception of F. 
Consequently, the first results recorded for the field soils are 
probably not far removed from the minimum pH values for the 
season. The curves for C2 and E2 in fig. 2 suggest that that is 
the case. With soil C2 the greatest difference between fallow 
and planted soils occurred about the 20th July: with soil E2 it 
did not occur until the beginning of August, but the potatoes 
were not planted until the beginning of July and growth was 
naturally very rapid. 
It may be assumed, therefore, that the results plotted 
in figs. 1 a.id 2 show the fluctuations only in the later part of 
the growing season when, generally speaking, the reaction of the 
soil is tending to become less acid. It will be observed that 
the plant exerts a modifying influence upon chance in acidity 
for the fluctuations found for fallow conditiono, which seem to 
be related to t.nperature and moisture, are not so marked in the 
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9 July B8'Aug. 7"'S¢pl. 7"0cí. 
To reveal the possible. effects of climate upon the 
changes in acidity, rainfall andmean temperature data for the 
two seasons have been shoran in figs. 1 and 2. In order to smooti 
out the day to day fluctuations and, at the same time, ma e alloy 
ace for the lag, between air a::d soil conditions, the average 
mean temperature and also the total rainfall for the preceding; 
five days have be- n plotted. Since there are no data for fallow 
soils in 1929, a comparison of the results for the two seasons 
is limited to a few ,general features. 
In 1329. (a) From 29th July to 18th August - moderat 
temperatures and high rainfall - there is an increase or little 
change in the pH values. (b) From 18th August to 20th Septembe 
- high. temperatures and moderate rainfall - there is a decrease 
in the pH values for the more acid soils and an increase in the 
pH vales for the less acid soils. (c) The final readings, mad 
at the beginning of October after a spell of cool, wet weather - 
generally show an increase in the pH values. The pH value of th 
heavily limed soil 1 B5 fluctuated slightly about the value 3.1 
which is not far removed from the figure for soils in equilibriu 
with excess calcium carbonate (68) . 
In 1930. There are not enough observations to show th 
ëfect of the warm, dry period in June. (a) From 12th to 23rd 
July - normal temperature and high rainfall - there is an increas 
io the pH values with two exceptions, for both planted and fallo 
soils. The plants were not so far advanced as in the similar 
period (a) in 1929, which possibly accounts for the more definite 
change. (b) From 10th August to 2nd September..- high tempera- 
ture and high rainfall - the planted soils show somewhat similar 
tendencies in acidity changes as in (b) 1929, whereas all the 
fallow soils show a very marked increase in pH. In every case 
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the acidity of the soil under the 
not greater than the ex_p e.imental 
of the "plant" curves, therefore, 
of four samples. 
The fluctuations and total chenges in acidity are very 
Vreet, but the remarkable parallelism amongst the five pairs of 
curves sugvests the probability of a common factor in all five 
plots a:d sc:_e justification for simplifying the examination of 
the data by avera.i._: the results for the five fallow soils and 
those for the five planted soils. The "averae" curves are 
presented in fig. 4. 
The curves gradually diverge until about 70 days after 
jjlontinr, at which point the pH value of the fallow soils has 
reached a minimum. The pH value of the planted soils remains 
:--.`r,ïr..-:T'Y:f. .. .. vSr... "3' . . 
two varieties were,however, 
error due to sampli g,and each_ 
represents the average values 
practically constant during the next days and then gradually 
increases. The value for the fallow soils, on the other hand, 
fluctuates considerably, but at 160 -190 days has approached 
close to that for the planted soils. It is interesting to note 
how all the curves for plots 2, 3, 4 (fia. 3) , tend to merge at 
160 days. 
The principal facts which emerge from these results 
are that the acidity of the soil increased during the growing 
season and then returned to a point not far removed from that 
the time of planting, and that chop es were considerably reduced 
by the presence of the growing plant which exerted its greatest 
influence at or about the stage of maximum growth. 
Generally speaking., these results confirm the less. 
complete data from the field experiments. It 'seems that in the 
early part of the season the acidity of the soil i 
irrespective of climatic factors, which may be due 
lation of salts as a result of the general rise in 
and/ 
ncreases 
to the accumu- 
t empe rature 
28 
and increase in biological activity and chemical reaction in the 
soil. This accumulation may not be so great where plants are 
growing so that the increase in acidity is not so marked. Durin 
the period of greatest growth in Jule and August, rainfall 
appears to be more important than temperature in effecting 
changes, for in both seasons heavy rainfall produced decreases 
in soil acidity, and in 1930 the changes in the fallow soils 
were very large. There is a general tendency for the acidity to 
decrease towards the end of the growing season and, where obser- 
vations are sufficient, it is evident that the pH values for 
planted and fallow soils are becoming similar. 
Numerous investigations have been made on the concen- 
tration of salts in the soil. In a recent paper, Strem_me (63) 
has discussed the variability of the plant nutrients with 
respect to climatic factors and soil weathering. He points out 
that , although there may be a fairly close relationship between 
the movement of water soluble constituents and meteorological 
factors in spring, the position is extremely com;lex at other 
times of the year and the changes are not confined to the surface 
soil. Results obtcine d b7 Bouyoucos with the freezing point 
method (3) show how the salt content may increase, during the 
summer months, to a ? ^re extent in a fallow soil and to a slight 
extent in a soil under crop, and how the changes may be consider- 
ably influenced by rainfall. Studies of the aqueous extract of 
1e soil by Stewart (62) a- :d of the displaced soil solution by 
urd and Martin (9, 9a) have also revealed the effect of the 
lant in reducing the concentration of all the common soluble 
utrients with the exception of bicarbonate. The tendency for 
he salt concentration to become similar at the end of the season 
rader fallow and crop conditions has also been demonstrated by 
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30 Such evidence would make it appear that fluctuations 
in soil acidity are definitely connected with changes in the 
concentration of soluble salts am hat the difference in acidity 
between cropped and uncropped soil is due, at least in part, to 
the absorption of spits by the plant. The plant may, of course, 
affect the concentration of salts indirectly, and it is also 
probable that the bicarbonate ion, formed as a result of plant 
growth, exerts so_-::e influence. 
I n order to make a preliminary examination of these 
possibilities, representative samples of soil (about 10 borings) 
were taken from each plot of sets A and B at frequent intervals 
during 1931 a;..d 1932. The acidity was determined as usual, hut, 
in addition, determinations of electrical conductivity and calcium 
content were made on I : 5 extracts of the soil and distilled 
water. The f orY,-:r :o s - --- o.L was obtained by mecns of a DiEbsT 
and Biggs Dionic ',`Tatar Tester.. checked with different star?rlard 
solutions against a conductivity cell. The calci::" was deter- 
mined as described on 7D. 55 . In each set, the fluctuations in 
these values over the period of observation were very similar for 
the different 7l nt s ar4'on1 _T the re :ull c for the two coa rol -clot s 
A3 r 
That the fertility of tl.e soil i.,:.?. t -'° cffnct o of 
Croppin` are reflected fairlv accu? 't 1-- ? th° --,ature of '1 
a. -,- -ot s extract of t. . soil ha--e l_ ___ es ta bli__er numerous 
researches (9a) . It is recognised that the results for conduc- 
tivity and calcium are not strictly comparable for the cropped 
and uncropped areas owing to the mutual effects of ions in solu- 
y 
,1 ;t,, without stressiné their absolute values, the results 
may ` be regarded as. sufficient to permit of a general comparison. 
The chief features of the results are (i) the marked 
fluctuations in soil acidity 'during- the growing season, (2) the 
effect cf crop in mod..if`Tln` these fluctuatica , ) the close 
`')ar'ai.ell'". ;t`.`^'.._ the conductivity .-^-,:1d calcium cvíït,, :t e' the 
roil extract c. d (4) the ir!iverse relationship hetween conductivit 
pftd .1 t 
l The first } results 
oiït?.1- -''3 .;i',h potatoes in 1130 on plots B, although th 
effect of the barley hl,.s been less tha_ï that of potatoes; the 
third observation is chat o:ie would expsc t since calcium normally 
forms a o _orderable proportion of the total electrolytes in 
dra. -na`,e water: t' fourth is fairly conclusive evidence of a 
moral relationship between the concentration of electrolytes 
the soil at an- _ :.:articular time and the ;H value of the coil 
suspension +^ter. There are a _'ïumti1Pr of dÍ.SCrean Ci °s, how- 
ever, :. i c-. are difficult to explain. For examle, in t'-:e autumn 
f 1931, the iciverse relationship between p and colcentration of 
electrolytes breaks down in one er tro cases and the distribution 
of rainfall in-that period was so uneven as to make comparisons 
useless. As a general rule, it has been found extremely diffi- 
cult to correlate cli-^etic conditions with change in acidity. 
T',a very lan-e fluctuations obtain:_d i._ 1930 are possibly the 
result of exceptional conditions as re: ~ardr distribution of 
temperature aad rainfall. The temperature and rainfall distri- 
bution has continued to be rather .abnormal right up to the 
present 77ear, but with different effects. In 1932 and. 1933 the 
fluctuations in acidity are definitely greater than. experimental 
error but not nearly co marked as in the previous Nears. It is 
possible that during a dry summer or one which is characterised 
a fairly regular distribution of rainfall a._d temperature, 
rather than by periodic thundery conditions such as occurred in 
1930 add 1931, the surface soil becomes dry and its properties 
remain more or less constant. Usually, field drains flow in the 
sumüer tine only after a very heavy precipitation on an already 
oist/ 
e 
moist soil. It may be said, however, that throu`hout the period 
of observation there is a tendency for acidity to increase in 
the spring, -fluctuate during the summer and return to the origin, 1 
value during the winter. The other data collected from these 
plot experiments, however, merely illustrate that the acidity 
changes are related in some way to the concentration of soluble 
salts in the soil. 
One of the recommendations made by the International 
Committee on soil reaction measurements (60) is that determina- 
tions should be made on suspensions of the soil in 7.01 as well 
as in water in order to "measure a more permanent characteristic 
of the soil ". A considerable number of the samples concerned in 
this investigation were so examined and the results were quite 
similar to those obtained for acid soils by Pozdena (43).. The 
pH value for the KC1 suspension was always lower, about one unit 
on the average, than that the 
seasonal fluctuations were not eliminated, Recent publications 
indicate, moreover, that, althou h the relationship between 
acidity and concentration of the soil solution may be fairly 
simply expressed (69), the factors which govern the effects of 
neutral salts on soil acidity are still obscure (29). The value 
of making measurements on KC1 suspensions at present is therefor 
questionable, and since it is desirable to study the soil in as 
natural a state as possible, a preliminary washing of the soil 
sample ,could seem to be preferable. As Might be expected, the 
pH value of the soils under investigation are considerably 
increased by such treatment to figures approximating to those 
obtained during winter; the washing was usually carried on until 
the conductivity of the filtrate became relatively low. An 
indication of the effects of washing is given below. 




the above plot experiments with soil B, it is obvious that such 
variation in acidity may be produced without the possible 
influence of artificial fertilisers. Fairly large dressings of 
"potato manures" were added to the soils under observation in 
the 1929 and 1930 field experiments, however, and it is desirable 
to take the question into consideration. 
Although the influence of dressings of ordinary 
fertilisers on soil reaction would seem to be a matter of 
considerate importance, comparatively few useful or reliable 
experimental data are available except on the effects of 
ammonium sulphate. Many observations have-been made in field 
experiments but , a- art from the fact that mixed fertilisers are 
commonly involved, this method is liable to suffer from at least 
one serious disadvanta`e. The quantities of material usually 
employed are obviously so small as to make any changes difficult 
to establish in a reasonable tie on account of the possible 
seasonal fluctuations in soil acidity described above. Changes 
in acidity almost certainly involve ionic exchange and, in view 
of the importance of calcium in this respect, a series of experi, 
ments was carried out with the more common fertilisers which 
contain that element. 
The method employed in some preliminary work was to 
prepare a titration curve for fertiliser and soil by shaking a 
1 : 2.5 suspension of soil in water with different quantities of 
the fertiliser overnight, and _,easuring the final pH value of the 
suspension. A series of curves could then be drawn showing the 
effects cf different substances on the sage soil. In order to 
approach more nearly to equilibrium conditions and avoid seconda 
effects due to cation exchange, the later experiments were carried 
out over a larger period and the soil was filtered and washed 
before determining its pH value. The soils which were employed 
in¡ 
in the experiments were from the same areas as B, it mad P 
previously described, and details of the investigation (30) are 
given in appendix IV. It is shown that superphosphate increases 
the acidity and that all the other fertilisers decrease the 
acidity but that the changes which would be effected by normal 
dressings are minute except in the case of basic slag. The effec 
produced by slag depends upon the soil type and the nature of the 
slag, but is never so great as that produced by calcium carbonate 
It is also. shown that washing the soil before making the pH 
determination is responsible for considerable increases in the 
pH values, which usually become slightly higher when the soil has 
previously beentreated with a fertiliser. 
Such results fall into line with the generally accepted 
theories on base exchange, and provide aditional evidence that 
fluctuations in soil acidity are caused, at least partly, by the 
chance in the concentration of soluble salts during the season. 
These salts are able to bring about a type of exchange acidity, 
as discussed by Robinson (47) , .-:hen the soil is unsaturated and 
is shaken up with water for a pH measurement. There is no doubt, 
therefore, that a determination of the acidity or certain other 
properties of a sample of soil taken for routine examination 
during sprin` or surer may be very misleading. 
These results have ten confirmed in two series of pot 
experiments, one with soil B and the other with sell W. 
(d) Pot experi":1e.7to. (i) Soil B, 1330 -1')54. A large sample of 
soil B, taken from' the. field ia March 1330, was e::-_ployed in these 
experiments. It .,r broken up =hilt still moist, passed through 
a ín riddle and divided ti.r°:^", portions. Ce port icn 
received 0.024 per cent. slj.h:.ir, the second (r,) w:,., uï.re ted, 
the third ;R21-) rec?i?red 0.12 per cent. Cci.c=U_i'^ydroY,1!lî,. The 
ad:l,t_ _s were calculate in _. "_ Ten pots ' ., "e ,. L cf oven Jr: Gi1 - 
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(12" diameter) were filled from each portion on the 12th April 
and potatoes were planted two days later. Four pots cf 37 were 
planted it the variety Epicure, four with Golden Wonder and two 
pats were 1:eet follo. Tc or,,ee ,eas rleen t'He series 53 and 
Bz!-. 3e:T:21es sf seil ue» t-:.Imee at wee17.17 intervals until 
Au7.st, and thee lece freuently until Ceteber, by means of a 
reached to the bottea: of the Pete:. ne-i-- the 
ear e dry v:,.eee !':ay 2nd June the pots had to be watered 
-reeeet7e, aul t'eat probably accounts for the fluctuations and 
totel cleges in acidity being small compeTed with those found 
in the field experiments lread: described, or in the incubation 
experi:aents (pp. Tho results are shown graphically in 
5. 
Considerine the fallow pots first, it will be observed 
that the pH valus ef each soil decreased regularly to a minimum 
which, except for 34, existed only for a brief period. These 
minima were reached after practically the same length of time as 
Li the incubation experiments. The pH value theailicreased, 
rapidly at first and then more slowly, so that by the 9th October 
it had returned to the original value except in the case of 32. 
During the first 30 to 4o days the soils of the planted pots did 
not differ materially as regards acidity from those of the fallow 
pots. ,The Epicure plants appeared above the surface of the soil 
in the period 30-40 days, and the Golden 'onder in the period 
0-50 days after plantinps. (The curves for the late variety, 
Bolden Wonder, will be observed to la somewhat behind those for 
the early maturing variety, Epicure.) From the time when the 
shoots appeared until about 60 or 70 days later when the haulms 
.1fere withering, the pH values of tl lanted soils were definitely 
higher than those of the corresponding fallow soils. In all thre 
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the shoots appeared, which is interesting in view of the similar 
observation in the case of the incubation experiments. The 
difference in acidity between planted and fallow soils increased . 
uat it the plants were flowering, which corresponded approximately 
with. the period of minimum pH values for the fallow soils: the 
difference then became less until eventually the curves for 
planted and fallow soils were practically the sae. 
The tubers were harvested during the period 145 -165 
days. The average yield per pot was 166 g., and the average 
tuber weight was 19 7. 
This study of the seasonal fluctuations in soil acidity 
has been continued up to 1934, one series often pots B2 having 
been treated each spring (except 1)34) with 0.015 per cent. 
sulphur. The crops have been barley and peas in 1931, peas and 
beans in 1932, wheat in 1,?33 and potatoes in 1934. No fertiliser 
has been applied apart from a light dressing of ammonium nitrate 
in June 1934, but the soil has been turned out of the pots and 
riddled each year. 
The results, given in fig. 6a, are the averages for 
each pair of fallow pots and each set of 8 pots under crop. They 
are similar to those obtained in 1930 with potatoes, viz. a 
general fall in pH value during the growing season followed by a 
rise in autumn and a maximum difference between planted and 
unplanted pots during the period of maximum growth, i.e. between 
70 and 100 days after sowin:. The four annual applications of 
sulphur to the first series have produced a progressive increase. 
in acidity in addition to the seasonal fluctuations: there has 
also been a steady decrease in pH value of the limed soil, but 
the untreated soil has not shown any marked tendency in this 
respect. Those soils which have been fallow throughout are 
apparently becoming more acid than those which have been planted, 
t/ 
J6. 
but it is probably too soon to discuss the question Of permanent 
chaicFes. 
(ii) Soil ii, 1931 -1934. Four series, A, B,'0 and D, of ten 
Mitscherlich pots were filled with soil W in April .1931, the 
series being treated respectively with 0.0, -0.20, 0.45 and 1.0 
per cent. of calcium hydroxide. The original soil is a very 
unsaturated and infertile sandy loam and those treatments were 
calculated, from a titration curve, to raise the original pH 
value of 4.6 by 1, 2 and 3 units respectively. This method of 
measurin the buffer capacity of a soil has been described by 
Smith and Coull (57) and its application in the estimation of 
"li:r : e- requirement" by Smith (55). Details of the procedure are 
given in appendix V, pp. ''4 -37 , where soils D, F and H are 
particular samples of E, W and P respectively. Each series 
consisted of two fallow pots, and eight planted pots: the soil 
in each pot was sampled by means of a small auger at regular 
intervals for pH determinations, and the average value are shown 
in fir. 7. At the end of March 1933, half of the cropped pots 
in series A and Bvrere treated with 02 -.per cent. of basic slag 
before sowing. 
The results demonstrate what has been observed in all 
other cases, viz. fluctuations in acidity associated with moistur 
and temperature variations and e decrease in acidity due to the 
presence of. the growing plant. The effects are not so apparent 
in series A on account of the very poor growth, or in series D 
where the soil and hear- dressing of calciu., hydroxide have 
probably not reached an equilibrium. Even the smallest addition 
of calcium hydroxide was responsible for a large increase in crop 
yield and the larger dressings produced crops which were 6 to 16 
times greater than those from the untreated soil. The effect of 
basic slag, discussed in appendix IV, is also demonstrated. 
m n / 
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The drainage water was not returned to the pots, but 
it was samelted six timos d:erifle tho Lrewin7 
season 1751 and its 
content of calcium was determined. (It is werthv of 
note thet 
L»e emou:et )f err--anic mnttnr La the draina. e water increased 
under the influnee cf euccessive additione of calcium hydroxide 
to the eail.) Teere '::ere veriatio,es in the eueetities 
of 
drainaes vloter freei the different pots, cc tat unduo stress 
coul not he eleced eeon tIne figures for calcium concentration. 
The avea7o reeult7, however, undoubtedly reflected the concen- 
tration of the solution in eeuilibrium with the coil earticles 
durie the erewie7 sesson. They indicated how the concentration 
of solutee eay r-'-cc d by the presence or plants, ho; rapidly. 
the calcium is I ± f'r3- Z:i1 eacnitude of thc 
lose fs inereeeed by 1--i-e. These e.feetc ef oenree, beee 
demonetroted 41-! 7e-ci7eter ete The flUctuatio s 
for --to were rather laree, het felieee2 2erm_eeee 
fi7ures, obtained 7,eteeen snd e1-10'e the reletion 
ship between acidity and dr,inf:'7e for the felloe (a) and cropped 
coil (b) in each series. 
A 
Series (a) (b) (a) (b) (a) (b) (a) 
Average pH 4.49 4.53 t-i.2-14 5.57 6.41 
1v corlen. eree cn ee 103 
(e) 
Le) 




Incubation experiments. (i) With eotatoes. Soil, P, W, 
G and L were passed throuele a 2 erni. sieve 2nd used for tlieec 
expeiments. In addition, samples of ehich hed an initial pH 
value of about 6.2, were treated with calcium hydroxide and with 
sulphur to obtain aerange of pH values from about 8 to 4. 
i 
Similarly, samples of P, having an initial pH value of 3.6, were 
Itreated with different amounts of calcium hydroxide to obtain pH 
, 
v a ,d e s 
33 
of values O:. ihbCUu 5 and 6. soils 'il and G, of which the Orlflncll 
,-t values were about 4.5 and 6.7 respectively, were exc. lined onll 
in t': e untreated condition. A suma.ry of the soils examined is 
given in the accompanying table, the treatment hcine calculated 
in each case for oven dried soil. 
Soils examined in incubation experiments. 
Soil Sample Treatment 
B 1 0.125 S 
2 0.024; . ^ 
3 none 
4 0.125 Ca(OH)2 
5 o.35 5 Ca(OH)2 
P 1 none 
2 1.05 Ca(OH)2 
3 2.05 ca(oH)2 
W ,G ,L - none 
The soils, which had not reached a_: air dry condition, 
were brought to moisture contents suitable for plant gran hh, and 
500 y. portions were placed in glass dishes. Small _.feces of 
potato tubers of the varieties Epicure and Golden :,'order were 
then planted so t hat for each sample, excepting Bl and B5 which 
were not planted, there were six dishes, viz. to control, t:o 
planted with Epicure and two with Golden Wonder. In the experi- 
ment with soil B, the dishes were placed in a ventilated glass 
fraee, in which the temperature was maintained between 13 
0 
and 
20°C. The experiment ',.it', the other three soils was carried cut 
in mid- sum-er and the dishes were left at laboratory temperature 
which fluctuated slightly about 18°C. The dishes were watered 
daily and small samples of soil were removed at regular intervals 
for pH determinations. The values obtained are show. graphically 
in figs. g and 9.. Each curve represerits.the average of duplicate 
Until certain of the plants died. For example, in fig. $: she 
curve for Epicure in sample B3 represents the average value for 
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Fig. 8. dish experirnent, SotLB. 
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dish died, and the broken line shóv:s the subsequent value for 
to ,soil in that dish; at 70 days the plant in the second dish 
died and there was a rapid decrease in pH value until at 90 days 
the sons in the two dishes were again giving practically the 
same pH values. Where the solid lines give place to alternate 
dash and dot, as, for example, with most of the Golden Wonder 
plants at 90 deys4 it indicates that the plants were "nipped" to 
stop Growth. Those plants were very vigorous, however, and in 
some cases still survived when the experiment was concluded, 
althou`h growth had practically stopped. 
The following points may be observed in a study of the 
curves. In the caso of all tee unplaíted soils there was a 
fairly steady decrease in pH value during the first 70 -100 days 
and thereafter the changes are small and irregular. The changes 
with the highly buffered peat soil are,.iztturally, less pronounce 
In the case of soils Bl and B2 the re_ul':. _ were very si'oilar to 
those of t._e action of sulphur on soils reported by other wor'.rers 
(2, 10. 25) , there being an extremely rapid increase in acidity 
during the first few i ;ee'_s . In the soils suppor'. 
- 
- è plaits _ n , 
there was .i.suall:- Fl slight fall Li 2H valle until the shoots 
were established, and t'_..._ a rise dnrir_ the rapid stages of 
growth (except in the case .. f r?). to a point hi her than the 
initial value. The iv decreased, fa- --_ 
death of a plant, til -1 ep2roachefl 
the. sr 1_e 
e vol-_. e for the unp lantP,:1 
soil . That P2 should prove a.__ exception _ was ap)arerlt'- :pun tc 
the fact that the normal influence cf thr, crowing plant, in 
preventing an increase in ac_ fit-- -.ohs __ore then counterbalanced 
y the effect of the oxideticu_ o" tie sulDhlIr in i .:creasin` the 
Cidity. -Evidence in support ^f this explanation was supplied 
irst of all by the f c`, thct t l p' J a :_: _. s., _ .ur ; rcL:c ̂a a greater 
ncrease in acidity in the fallow tha_- ie the : -' -oil, and 
1,-, 4-1-, r(=c-,rded. fl fin. 10. 
-;1-,..47.2C1 it a 
-1 of 204. 1 
of ,.1:11'.7te 
J. I 
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The reoulto confirmed those shoi,..n in figs. 8, lc and showbd 
that different amounts of moisture in te. soil, over a r.,.n.;:e of 
10 per cent. in the ned.:hbou-,-hood of the optimum moisture con- 
tent, had very little effect upon the changes in acidity. 
It has already loeen shoyin 14) that a large 
increase in the quantity of electrolytes in a soil moor occur if 
it is maintained under conditions .suitable for biological 
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m]'1`. fir results obtained for the 
.,...-1, . . 
+ ï._ E', a' x....a soils. 
i'.11, 1.'C Friwl l.z:: `. .. _ìT 
,..._ CID 
(' , i' `'., ° c .Llan..csd -1. 
h11'1, 7 CUt. 
been, C:Ivll`;, t o l (- 
tlj;-'"t .i: 1. ,7, but 2 _:to 7I ..- 
::,ro,'.th are sa r.;rit r +, 
1- A ,n i !,,t for '.'ic, ;,o!,"-., .. a --s'T 
methcr:i of st,udyi l clmr1¿;es .A lar :e 
soil r suitable moisture cot,-.'-.t 
tit,ie - 15 to 29 E. accorliar to the nutxr ., of t'],. - ,...re 
paced in cr,'stclli-cic !l1sea or bec!:I 's. The ssaf,le number 
seeds - ,,but 3 - which had be: ;n allowed to germinate, 
were then planted in each dish, with the exception of the con- 
trols, and the dishes were placed in a large `lass frar.e 
maintained at 18-000. The dies were watered regularly and, 
at intervals of a fe-:: days, .. complete set in duplicate was 
taken for examination l see photograph 3) . The plants were 
removed and the soil adherirr, to th; roots was washed into the 
dish with 002 -free water The pH value of the Thole sample of 
soil was then determined. 
Some of the results obtain- by the above method have 
been brought together fig. 11.- They are cuite typical of a 
large number of similar experimeta, LI which it was invariably 
found that the acidity of t'-_e seil was decreased by a growing 
plant. The pH value of the moist soil might be increased or 
decreased by . incubation for 10 or 20 days, but the value was 
alïey s greater when the soil was suop'or it g an actively develop - 
ing plant. 
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peas during their early stages of growth are suhstantially the 
-same as those reported above for potatoes; and the only differ- 
ences which have been found in numerous trials have been of 
degree. For example, the magnitude of the effect has depended 
to a certain extent upon the character of the soil. The 
presence of calcium hydroxide or calcium carbonate in the soil 
or the addition of sulphur or sulphuric acid to increase its 
acidity, affects the results only slightly. With respect to the 
relative influence of different plants, fig. 11 shows that peas 
exerted a greater effect than oats or barley. This may be due 
to the fact that, according to Newton (39), more carbon dioxide 
is given off from the roots of pea plants than from the roots of 
barley plants of the same size. The relative effects have not 
always been the same in these experiments, however, and have 
seemed to depend largely upon the rapidity of growth of the 
particular plants under examination. In fig. 12, for example, 
the results of a se= of experiments started on the same day are 
given. For some reason, the peas did not grow nearly so 
vigorously as the other plants, and produced a smaller effect 
on this occasion. The rate of growth and the general vitality 
of the plant also seem to be more important than the actual 
stage of growth and size of the plant or extent of its roots. 
No great differences were observed, for example, in the effects 
produced by pea seedlings which had been allowed to reach 
different stages of development in sand culture before being 
placed in the soil. 
There is no question, however, that the effect is 
produced mainly in the earlier stages of plant growth. Slight 
discrepancies sometimesoccur when experiments are repeated, but 
these seem to to be due to fluctuations in the acidity of the 
soil/ 
j;irr;i1 , 
' high riïE?.ir 001' t1t}3_i} ?_ _t§ 
F 
sr 3 kisaÿ s i1g74h4tign. 
01, ) ,o o1., o t,ï; ,t, 1:<. 
,ìFT4Firo it1',45 _1 vol'<ss sf this 
. 
' lly o; i7, i;, 'i'n:.i,"rjiii,l 
r it' rrj7 1yr tá C 1 e.I'4 i'i,i It i9'_.= - 
' t_t, riï:.1 I , tild _.- 
, ths 
1.#. ;';.1_A..(1 t. il.. oztft9t by 
i 'h' 1,;':i- .pi;_ boo :: Jr7,1 'J') Vas .` t;IÌri,l ,, , - i. 
()apartment ioo started. Mass vo :Ettis s slid t'iq #'9 ` .1. :!1 tir, :;,.firs=t 
do not, hov4ovt)r, altor 1,i ,h= II,l conolunion that t c, pl tt. fiels 
an influence upon poil ric:i:f1 its# which a i not cfi.ici1 to rilly 
particular cn.00 or sot of d-.,rtrjitiose. 
It is probable, fros what hon airowis been suAd, that 
the concentration of salto is rather smaller its the planted coil 
than in the unplanted soil, but it fie difficult to inn! iun thc-t, 
the absorption of Salto by the plant is the sole reacort foi' the 
effects observed. It has been shown. (18) that biological 
activity, as estimated by the production of carbon dioxide and 
nitrates, is greater in cropped than in uncropped taoilm t d that 
l.he growing plant is an important agent iia stimulating that 
activity.(33) . It is .quite possible, therefore, tuait the 
production of carbon dioxide, as well as the absorption of 
electrolytes by the plant, plays a part in raising the pH value 
of the soil. 
Robertson (45) found a remarkable similarity in the 
the 
effects of plant growth and carbon dioxide onjacidity of similar 
samples of soils to those exs iaed here. Each soil was wade up 
to 20 per cent. moisture content and, in addition to small 
samples used, as described above, for experi tinto with peas, 
samples of 100 s. were li` :tly _acreced in glass tubes (ÿuß alum.). 
One set of tubes was connected is series to a supply of carbon 
dioxide and a seco:d set asas left open to the air. The tubes 
containing diffearr:nt sola wee co'nected in the same order in 
each set and a wash w ott~e was placed before each tube to ,,fain= 
45 
fain a constant moisture content of the 
soil throughout. P n cur on 
dioxide and air were drawn through the two sets respectively 
at 
the saxle rate. At intervals, small samples of soil were removed 
from both ends of each tube and mixed for pH determinations. He 
found that the results obtained from the "002- treated" samples 
were not affected by passing a rapid current of air through the 
suspension immediately before measuring the acidity. When 
carbon- dioxide was passed through aqueous suspensions of the 
original soils, the acidity gradually increased, but decreased 
again, on aeration, to values corresponding closely to those 
obtained by the passage of carbon dioxide through the moist 
soil. 
T he effect of the carbon dioxide was in general not 
so great as that of the plant, but the results were not strictly 
comparable since the former was measured at a. much lower 
temperature (12-14°C.). There was usually an actual increase in 
the pH values of the "002- treated" samples, while the values for 
the' "air- treated" samples remained comparatively constant, 
indicating that biological activity had probably been small. 
In order to examine this question more fully, a fresh 
series of experiments was carried out with soils G, B, L and a 
mixture of D and L (which are both garden soils). These soils 
were selected because of the range in physical texture and 
concentration of water soluble constituents which they afforded. 
They might all be described as fairly common types of fertile 
soil, slightly acid but by no means seriously unsaturated, and 
containing normal amounts of organic matter for similar soils in 
this area. 
(iii) Effects associated with c "an es in soil acidity. 
The investigation consisted of three sets of experiments in 
which 
which were 
oats and (c 
properties 
quantities 
examined (a) the effect of peas (b) the effect of 
) the effect of carbon dioxide on the chemical 
of the soil. It was necessary to start with 
of soil which were large enough to yield sufficient 
volumes of extract or analysis, and, in all the experiments, 
bulk sample was brought to a suitable moisture content, allowed 
to stand overnight and subdivided into portions corresponding 
to 90 g. air dry material. In the plant experiments, these 
small samples were lightly packed into beakers and germinated 
seeds were planted a short distance below the surface. Nine 
peas or 30 cat grains were planted in each beaker. After being 
k_pt at a reasonably constant moisture convent and temperature 
in a glass frame for a certain period, the seedlings were care- 
fully removed from the beakers, the soil adhering to the roots 
and the rest of the soil in the beaker were washed into a botti 
with a volume of water amounting to 450 cc., and the suspension 
was shaken for 3C-40 minutes. A portion of the su :;pension was 
taken for a pH measurement and the remainder was filtered and, 
if necessary, refiltered to get a clear extract . Extracts were 
similarly obtained from the soil. in control beakers and every 
test was carried out in duplicate. In other words, duplicate 
determinations were not made on aliquot portions of the some 
extract but on duplicate extracts. In the experiments with 
carbon dioxide, the L:oist soil was packed into two sets of glas 
tubes about 1" dinmeter and 8 to 10" long. A wash bottle was 
connected between every two tubes to prevent the soil from 
drying during the passage of gas. Air was drawn through a soda 
lime tube, a wash bottle and then through one set of tubes by 
means cf a filter pump. A steady stream of carbon dioxide from 
a cylinder was washed first in bicarbonate and then in water 
and allowed to pass through the second set of tubes. 
^tia.r.i FiAa/ 
After the 
ecified periods of treatment, a tube was removed from each set 
and extracts were prepard as described above. These experiment 
were not carried out in duplicate but several checks on the 
results were obtained in numerous preliminary trials. 
I n view of the possibility of rapid clan es taI_in 
place in the colsposition of these extracts, ever- effort was 
1,-ade to get the analyses started as ú00Q as the filtrate was 
available. The acidity of the suspension. was measured at once; 
N 
then a - V._ _ _ filtrate was titrated with / 20 01 for 
the bicaron-te point was t ' with methyl 
ed at boil_ calcium deterina- 
tion (appendix I) . i.not._ _ portion of the filtrate was used for 
a rapid _- .sasurement of electrical co-_ductivity and then a portio- 
tahen for the determination of nitrate (appendix VI) . 
Usually, the firs stale of t:--e analysis was completed within 
24 hours of the preparation of the extract, and, when that was 
not practicable, a few drops of xvlol were added to each bottle 
and seeod tc vent th. development o f any organisms. 
T ,., 
,. results are sum.:.a.rised in tables 1, 2 and 3. 
most stri'_k _17 feature of the results is again the reduction 
acidity invariably produced by the growing plants. The 
effect of the pea seedlings has been much greater than that of 
the oat:: seedlings , but since some months elapsed between the 
two sets of experiments and the soils were not exactly the same, 
a close comparison of the results cannot be attempted. With 
respect to the action of carbon dioxide on soil acidity, the 
effect is small in the case of soil G, it is towards an increase 
in acidity in the case of soil B and, in the case of soil DL, it 
amounts to a fairly large decrease in acidity. The results are, 
therefore, not so regular and co nclusive as those obtained by 
Robertson. This might be due to the differences of technique, 
for/ 
TABLE 1 
Influence cf pea. seedlings on soil pr 
Soil No. Time pH H C Milli -eq 
in 100g. 


















soil x 1000 
Cá: "Total" AI 









6.45 .355 112 68 63 
6.39 .4o7 120 77 105 
6.34 .457 126 48 127 
6.31 .490 143 53 207 
6.56 .27r 120 195 41 
6.82 .151 159 355 36 
6.87 .135 134 365 90 
6.35 .141 228 335 267 
































- 6.4o .3;3 
5 6.59 .257 
9 6.50 .316 
13 6.33 .468 
17 6.28 .525 









200 78 18 
132 125 16 
190 33 23 






5 6.62 .24o 290 213 
9 6.55 .232 273 191 
13 6.59 .257 330 172 
17 .6.36 .437 4.55 137 
295 431 363 
337 519 442 
352 527 479 
438 693 645 
32o 556 361 
295 686 331 
247 702 337 











46o 556 478 
398 539 414 
. 
'. 353 

























Influence of oat seedlings on soil properties. 
Soil No. Time ;FEH H C Milli- ecuivalents per 
in 1007. soil X 1000 
days X 10 gemmhos HCO3 NO3 Co "Total" A 
G 0 - 6.31 .490 102 113 24 
i 
co_.tro1 1 :2 5 6.40 .331 104 106 41 270 417 311 
" 3,4 lo 5.34 .457 113 104 108 290 502 393 
5,5 13 6.29 .513 123 96 143 350 589 493 
1 7,3 16 6.15 .703 138 106 209 440 755 649 
planted 9,10 5. 5.46 .347 97 115 24 270 409 294 
11,12 10 6.33 .463 59 153 19 270 442 289 
" 13,14 13 6.31 .490 70 159 17 230 455 297 
15,16 16 5.37 .427 65 123 260 405 232 
B o - 5.57 2.14 193 73 21 
control 1,2 5 5.70 2.00 191 69 13 450 547 473 
" 3,4 10 5.72 1.91 199 35 22 460 563 432 
5,6 13 5.70 2.00 19? 33 27 470 535. 497 
7,8 16 5.67 2.14 215 74 27 530 631 557 
planted 9,10 5 5.76 1.74 
" 11,12 10 5.71 1.95 
13,14 i3 5.75 1.73 
15,16 16 5.71 1.73 
187 75 13 450 533 463 
112 103 11 330 'l'! % 341 
118 101 11 330 )116. 341 
117 95 11 340 447: 351 
L 0 - 6.61 .246 450 33 164 - 
control 1,2 5 6.59 .257 42c 95 293 1490 1373 1733 
" 3,4 10 6.43 .331 500 91 5671670 2323 2237 
' 5,6 13 6.4; .324 520 101 553 1740 2404 2303 
7,g 16 ,43 .331 505 ;5 590 1720 240'', 2310 
r 
planted 9,10 5 0.5::. .263 450 105 239 145o 1304 1699 
o 11,12 10 6.69 .204 325 103 63 1210 1351 1273 
" 13,14 13 6.69 .204 350 140 1-,-53 1270 1508 1363 
" 15,16 16 6.70 .200 343 125 95 1940 1451 1-2)=i6 
i 
A ..e?.olcs (*70,; + 0a7)- or (,"Total" - HCO3/ ) 
for, althouE h he found that the aeratilg of the suspensions for 
a few minutes before making the pH measurements -had no influence 
upon the results, the suspensions were not shaken for half an 
hour as in this case, and might not have reached ecluilibrium. 
The evidence shows, however, that the acidity of an acid soil 
may be slightly decreased by the action of carbon dioxide. 
The hydrogen ion concentrations of the soil suspension 
given in addition to the pH values in the table, emphasise the 
actual changes in acidity that hove occurred. The absolute 
values of the ionic hydrogen associated with the soils are, of 
course, fantastically low in spite of their importance and do 
not influence the balance of ions in solution to any extent. In 
view, also, of what has been said on experimental error, it is 
perhaps advisable to adhere to the pH figures in the discussion 
of the results. The bulk of the cations in solution probably 
consists of calcium, but the larve discrepancy throughout 
between the +ve and -ve ions makes it obvious that nitrate and 
bicarbonate contribute a mien smaller proportion of the total 
anions in solution. The concentration of phosphate ion in soil 
extracts is usually of the order of a few parts per million so 
that the rest of the anions is probably composed mainly of 
sulphate and chloride. These are not nearly so. subject to 
fluctuation as the nitrate and bicarbonate and it is not unreaso 
able, therefore, to discuss the rapid changes which take place 
in terms of the ions whose concentrations have actually been 
measured. The fj 'ures for electrical conductivity bear a fairly 
close relationship to the "total ions" but they were taken, in 
the first instance, merely as checks and are liable to be 
influenced by the colloidal material in soil extracts. 
To consider table 1-first, it will be observed that th 
young plants have brought about a reï._arkable increase in the con 
centration/ 

centration of bicarbonate in all three soils: they have reduced 
the nitrate concentration to begin with, but, by the end of 17 
deys growth, have presumably so stimulated biological activity 
that any nitrate absorbed by them has been made-good by an 
increased production of nitrate; particularly in soils G and D1; 
there i s an indication that the above remark mic'ht also apply to 
the effect upon soluble.calcium for, althouch.it is always less 
in presence of the plants, it tends to increase towards the end 
of the observations. Largely on account of the increase in 
bicarbonate, the "total" concentration of ions has actually been 
increased by the plants in the case of the two soils G and DL, 
and, in the case of soil B, the reduction is comparatively small 
results which would, of course, be most unliely to occur under 
the less favourable conditions for biochemical change in the 
field. 
The results obtained with the oat seedlinc-s (table 2) 
are rather different. The oats have increased the concentration 
of bicarbonate but to a such smaller extent than the peas, and 
the nitrification changes have not been able to maintain the 
concentrations of nitrate or calcium. The result has been that 
the plants have effected a considerable reduction in the concen- 
tration of "total" ions, 3. fact which is confirmed by the 
conductivity values for the extracts. 
In some respects the effect of carbon dio.ade is 
similar to that of the plants. For example, the concentration 
of bicarbonate is practically doubled and the concentration of 
calcium is definitely increased. On the other hand, the carbon 
dioxide has effected a velar marked restraint on the chain of 
processes connected with nitrate production, the final concen- 
trations of nitrate being less than the original (presumably due 
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6.35 .2I16 
.233 
7 .5z .235 
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7 6.56 . 275 
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5.77 1.7c 1,0 103 4 493 610 502 





























068 339 53? 
65c 903 76- 
636 1015 5'i5 
755 1151 1013 
305? 213 16 336 1070 350 
230 25o 4o 760 105o 300 
270 365 9 728 1102 737 
280 333 8 703 1104 716 
1 A denotes (NO3 + Ca ) or ( "Total" - HCC3 ) 
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The general relationships existing between acidity and 
the concentrations cf (nitrate + calcium), bicarbonate 
and. 
"total" ions are shown ero.phically in figs. 13, 14, 15. 
If the changes in soi, acidity were associated mb.inly 
with the concentration of electrolytes in the soil solution it 
mi ght have been expected that the oat plants would have produced 
much greater effects than the pees, bet the reverse has been the e
case. The idea, in the case of peas, that, the reduction in 
acidity, in spite of the i _ncrea.ee in soluble salts, may ha'T e 
been due to the fact that the increase is __mini-- -rted 
T r.ecciees :Toed deal of support from the fi7ure 
for ( "total" - H7!0',73). These are, with the exception of the las 
._oil aL, nietently lowered by the plants. The sanie 
thing is to be cb:..^,r`.red ie the caSe of the carbon dioxide tre at- 
re , there n i an el os1 erreca negative correlation yc ,et reea 
pH Nn; - HCv3) or, what mounts to the same th-_` here, 
70 1:3 Cu ). This means that the aSticCiati between acidity 
and soluble salts becomes much closer when the effect of bicar- 
bonate ie eliminated, or, in other words, that the presence and 
Chen e in concentration of bicarbonate is a most important facto 
in _ ¿eteruini e soil acidity. only a rough approximation is pos- 
sible with these results, for, even if the relative effects of 
the bicarbonate and this "t o tß..1" less bicarbonate were known, 
there would still remain the contribution of the various other 
sidered. It rust be admitted, however, that this 
explanation is not entirely satisfactory when applied to the 
results for oats. 
The effect of the plant is evidently determined by the 
absorption -of ions, the excretion of carbon dioxide by the roots 
and-the stimulation of biological activity with the liberation 
of more carbon dioxide and free ions. There may be other factor 
and 
and the complexity of the problem obviously 
makes it futile to 
Pttero t any more precise analysis of the available 
data. 
DISC:TS3I0^? CF RESULTS- 
The results described above have been 'Obtained under 
and 
extremely artificial conditions,/ although they probably give a 
better indication of what miht happen under field conditions 
than the observations made with culture solutions or with sand 
cultures, they are subject to a number of important limitations. 
As has already been pointed out in connection with pot experi- 
ments, the handling of a soil in the laboratory, especially afte 
remoistening, is liable to bring about very important changes in 
its properties. T`.ese changes are bound to be more rapid and 
pronounced than in pot experiments, as a result of holding the 
soil at an almost constant moisture content and temperature, bot 
ideally suited for biochemical changes. Furthermore, the very 
extensive ramification of the roots through the small mass of 
soil, t::e extremely quick growth of the seedlings and the lack 
-of drainage ':;culd all contribute in the direction of exaggeratin 
similar effects in the field. It is probable, in fact, that the 
effects produced in a few days in such labroatory experiments a 
greater than those which might be produced over much longer 
periods under less favourable conditions. ".Nevertheless, an 
opportunity is given for all the possible chemical and biologica 
changes and interactions in the soil to take place, and the 
observations concern the net result of these phenomena. Under 
field conditions, the succession of changes might-be broken by 
climatic factors and indeed some of them might never occur, but 
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and the complexity of the problem obviously makes it futile to 
atteapt any more precise analysis of the available data. 
DISCUSSIOPT OF R?s3ULTS. 
The results deperibed above have been óbtained under 
and 
extremely artificial conditions, /although they probably give a 
better indication of what might happen under field conditions 
than tb.e observations made with culture solutions or with sand 
cultures, they are subject to a number of important limitations. 
As has aireazr been pointed out in connection with pot experi- 
ments, the handling of a soil in the laboratory, especially afto 
remoistening, is liable to bring about very important changes in 
its properties. These changes are bound to be more rapid and 
pronounced than in pot experiments, as a result of holding the 
soil at an almost constant moisture content and temperature, hot' 
ideally suited for biochemical changes. Furthermore, the very 
extensive ramification of the roots through the small mass of 
soil, the extremely chick growth of the seedlings and the lack 
of drainage would all contribute in the direction of exaggeratin 
similar effects in -;he field. It is probable, in,fact, that the 
effects produced in a few days i__ such labroatory experiments a 
greater than those which might be produced over much longer 
periods under less favourable conditions. TTevertheless, an 
opportunity is given for all the possible chemical and biologica 
changes and interactions in the soil to take place, and the 
observations concern the net result or these phenomena. Under 
field conditions, the succession of changes might -be broken by 
climatic factors and indeed some of them might never occur, but 
it is felt that the laborat n ry results represent what could hap peq 
during 
during a period of suitable weather in a well cultivated soil 
supporting a vigorous crop. The fluctuations due to seasonal 
changes in moisture and temperature would then be small compared 
to the variations 'ue to the crop. Such a state of affairs 
seldom exists during the growing season and the effect of the 
crop alone cannot be determined. Consequently, the laboratory 
experi:aent is the only method of approaching the problem. 
It has been shown that the variations in soil acidity 
in the field .are definitely modified by the growing plant and 
these observations have been supported by extended pot experi- 
ments where normal climatic factors were disturbed only by 
occasional necessity for watering. This influence of the plant 
seemed to be related, in some fairly close manner, to the quanti 
ties of water soluble material in the soil - presumably due to 
the absorption of plant nutrients. That is as far as the field 
and pot experiments have been carried. These results have been 
supported by numerous laboratory experiments in which, with 
moisture and temperature effects under control, it has been 
repeatedly demonstrated that the young plant actually effects A 
relative decrease in the acidity of the soil. The affect is not 
'constant for different soils or different plants, but it varies 
only in degree. The earlier hypothesis, that the ability of the 
growing plant to reduce the acidity of the soil was due to the 
absorption of cations with a consequent decrease in the exchange 
in aqueous suspension of the soil, has not been proved by 
analyses of the soil extracts. Thece show that the soil carrying 
plants frequently contains9f larget quantities of soluble consti- 
tuents than the same soil without plants, and yet it is less acid 
It is fairly Obvious, therefore, that the fluctuations in soil 
acidity are not associated directly with changes in the concentra 
tien of the soil extract when growing plants are present. Trofim.v 1 
(69)/ 
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(69) has demonstrated with considerable success that the concen- 
tration of the soil solution is so closely related to the acidity 
that the former may be calculated from pH figures for the soil ii 
water and calcium chloride solution. His equation is derived 
from a direct application of the rules governing the exchange of 
[Ca} C- hydrogen and calcium = K and is suitably expressed in the 
form pH = pHl - log(00 - C1) where pH = acidity of the soil in 
N. Ca012; Co = concentration of soil solution; Cl = concentratio- 
of salt added to soil. This, of course, takes no account of 
possible changes in the relative proportions of the anions 
present, which may alter the buffer system of the soil. The 
displacement of other anions by bicarbonate would tend to decrea 
the acidity of an acid solution, for example. 
In common with the culture solution results of Hoaglan 
(23) which showed that nitrate was absorbed very rapidly from 
acid solutions and replaced by bicarbonate, the plants tend to 
reduce the concentration of nitrate, at least to becin with, and 
produce a lame increase in the concentration of bicarbonate. 
These observations are also in agreement with many other inves- 
tigations along different lines. 
collected a mass of evidence, up 
an increase in the production 
Thomas (67), for example, has 
to 1930, showing that there is 
of carbon dioxide and bicarbonates 
in the soil due to the presence of `rowing plants, particularly 
durinfr their most active period of development. In more recent 
investigations, Starkey (61) has shown that the abundance and 
activity of micro- orÿmnisms and the production of carbon dioxide 
and nitrates are greater in the neighbourhood of plant roots tha 
at a distance from them; 'îur .bach (72) has found that soil 
is markedly increased by plant growth; Sabinin (4; 
has demonstrated that the assimilation and respiration processes 
of the plant roots are initiated by the exchange of hydrogen and 
bicarbonate,! 
"respiration" 
(69) has demonstrated with considerable success 
t'-!at the concen- 
tration of the soil solution is so closely related 
to the acidic 
that the former may be calculated from pH figures 
for the soil i2 
water and calcium chloride solution. His equation is derived 
from a direct application of the rules governing the exchange o 
hydrogen and calcium = K and is suitably expressed in the 
form pH = pH1 - log(C0 - 01) where pH = acidity of the soil in 
N. CaC12; Co = concentration of soil solution; Cl = concentratio 
of salt added to soil. This, of course, takes no account of 
possible changes in the relative proportions of the anions 
present, which may alter the buffer system of the soil. The 
displacement of other anions by bicarbonate would tend to decrea 
the acidity of an acid solution, for example. 
In common with the culture solution results of Hoaglan 
(23) which showed that nitrate was absorbed very rapidly from 
acid solutions and replaced by bicarbonate, the plants tend to 
reduce the concentration of nitrate, at least to begin with, and 
produce a large increase in the concentration of bicarbonate. 
These observations are also in agreement with many other inves- 
tigations along different lines. Thomas (67), for example, has 
collected a mass of evidence, up to 1930, shoving that there is 
an increase in the production of carbon dioxide and bicarbonates 
in the soil due to the presence of growing plants, particularly 
during their most active period of development. In more recent 
investigations, Starkey (61) has shown that the abundance and 
activity cf micro -organisms and the production of carbon dioxide 
and nitrates are greater in the neighbourhood of plant roots tha 
at a distance fro-,. them; Î;ur?bach (72) has found that soil 
"respiration" is markedly increased by plant growth; Sabinin (49 
has demonstrated that the assimilation and respiration processes 
of the plant roots are initiated by the exchange of hydrogen and 
bica.rbonat ,V 
bicarbonate, absorbed on the cell membrane, for nitrate and 
phosphate. 
There is still considerable doubt as to the actual 
proportions of carbon dioxide produced by root respiration and 
by microbiological activity, but the matter is unimportant so 
as the present investigation is concerned. The interesting poin 
is that one effect of the growing plant is to produce a substan- 
tial iiicroaee, directly or indirectly, in the concentration of 
bicarbonate in the soil. How this bicarbonate may influence the 
acidity of the soil, to the extent of raising its pH value in 
spite of .an increase in the total soluble salts, is demonstrated 
in several of the laboratory experiments. It is ciuite obvious 
that the part played by bicarbonate must be co__tiideeec in any- 
work designed to test the association between t tee acidity 
soil and i s content of electrolytes. U 
Attemptc to exrìci ::F. more closel the effect aetucl _ o  of 
carbon dioxide on the properties cf tlee soil, by pas si ne a curre e 
of t'- , gas through moist 
i soils, .., ..a--e - . not pct eit.h unqitali fi ed 
SUCCess. They show that the carbon dioxide may reduce the 
acidity of slightly acid soils as do plants, but the comparison 
Cannot be carried much further. The lassû"e or carbon dioxide 
may increase tho quantity of soluble calcium in the sail, as was 
also shown by Steuart 
( 2) , but continued treatment is so drasti 
that the nitrification processes are practically stopped and the 
resul-s are no longer comparable to those obtained with plants. 
The conditions, in fact , become similar to those in the culture 
solution studies made by Hoagland (2c) and Theron (65), in which 
decreases in acidity were due almost entirely to a displacement 
of nitrate by bicarbonate. It seems, however, that the variation 
in concentration of bicarbonate is not solely responsible for 
acidity changes in soils for, in spite of the relatively large 
increase 
57 
increase in bicarbonate and the relatively- 
mall change in 
"total" ions which are ef:E'ected by carbon dioxide, 
the decrease 
in soil acidity is , ; r small. It seems as if there are 
other factor 
_ 
,_ unction of a ro-: "in- plant is introduced, a t, work c,_ __,. _ 
probability that is supported by the minor differences in the 
effects produced by different species. The unequal rates of 
absorption of calciu_, for example, have still to be definitely 
53 
correlated with the various equilibria which are possible with 
different plants and different sets of nutrient conditions. It 
can confidently be stated, from the results of the investigation 
that variations in soil acidity are related to changes in the 
concentration and composition of the soil solution, both of 
which may be affected by .plant growth; but in view of the highly 
controversial nature of the available evidence on the feeding 
power of plants, it is not possible to amplify the statement 
meantime.without considerable reservation. 
It is perhaps difficult to appreciate the full 
practical importance of the question at this juncture. Only a 
limited amount of attention has been gives to the effects of 
different degrees of acidit_ on the crop. The effect on the 
yield and the nitro`e:i content of oats is disci?ssed in the next 
section (pp. 109 -111) where it is shown that with a normal ferti 
slightly acid soil, vary: *inr degrees of acidity are, within limit 
of secondary importance. Results of a similar character have 
been reported by Smith and Robertson (59) in connection with the 
yield and the calcium cad sulphur content of various crops, but 
they have also shown that these: results are not applicable to a 
soil which is strongly acid and seriously unsaturated. Photo- 
graphs 1 and 2, for example, demonstrate the remarkable 
differences, effected by changes in acidity, between the normal 
soil/ 
.soil B and soil W, which is seriously acid. But 
the pH . figure 
only reflects other characteristics of the soil and differences 
vwh.ich are commonly associated with deErees of acidity 
are often 
much better explained on the basis of unsaturation or even of 
exchangeable calcium. In another investigation, it has been 
shov:n by Robertson and Smith (46) that the acidity of potato 
tubers is apparently independent of environment and is not 
influenced by large variations in soil acidity. 
These observations tend to minim se the deEree of 
importance t'-:at is so commonly attached to soil acidity 
measureme nts, but Cher: is another aspect of the question which 
requires to be considered. The growing plant is in very intimat 
contact with the soil particles and the changes which proceed 
during the absorption of nutrients have still to be established. 
The ultimate results rnn-T be measured, but the mechanism of the 
process is still ruite Obscure. It is extremely probable that 
what is usually called soil fertility is determined more by the 
interchange of ions between plant and soil and the symbiosis of 
plant and micro -organism and the chamical reactions thereby 
stimulated or inhibited than by any possible expression of the 
properties of the soil at a particular time. It is also certain 
that the hydrogen ion plays an important part in these changes, 
so that a continued study of its particular behaviour, and the 
consequences, will at least assist in reducing the present 
confusion and stating the problem in its simplest terms. Until 
this is done, the soil chemist ratst centin.. use the to .z ._ system 
of more or less arbitrary tests in the assessment of soil fer- 






A comprehensive examination has 
been nade of the 
exp,rimeatal errors associated with 
the sampling of soils in 
field Pnd pot experiments and with the 
subsequent laboratory 
technique. It has been shown that the 
field error i6 usually 
more than double the laboratory error ana 
that the letter may 
be of the order 10 per cent. in such dete rminations 
as are 
commonly mad,-,5 in soil analysis. Examples 
have been given in 
repsect of pH -2.1easurements,in particular in order that 
the 
results described later may be critically assessed, 
It has been shown, c-e a result f'ielcl and plot 
expe.,-ionts extendin7 over six years, that-the acidltv of slightl 
acid soils may .fluctuate considerably during the growin7 seS:ar, 
that these fluctuations are modified by the 7rov:inE plant and 
are relaled to the concentration. ,-e soil solution as 
estimated by 1 : 5 soil in rater extracts. 
It has been ñ.rther demonstrated that these observa- 
tions mar be cenfirmed in pot experl=ents and also in laboratory 
exporilJents where climatic factors do not play a part. 
It has been established, by Laboratory experiments., 
that the arcainr l,nt reduces the acidity of an acid soil end 
that this action is 7F;r1=A1 for different species acid different 
soils; that the effect is related to the quantity of soluble 
material in the soil but not necessarily to the concentration; 
that the- displacement of nitrate by bicarbonate, which occurs. 
dUring_plant.growth.,ia-avery important factor ia the results. 
Experiments have also been made. to compare the effects 
of the growing plant and carbon dioxide, and it'has also been 
shown that carbon dioxide may reduce soil acidity but the, the 
effect is small for the c)mparatively large increase in bicar- 
bonate/ 
-5r 
7. ion. T1.7. o relative ffe...ct s bi c 
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A series of 23 duplicate determinations of calcium 
in 1 . 5 soil - water extracts. 
The method of analysis consisted in adding about 1 cc. 
2N. H01 to 200 cc. of extract, evaporating to about 100 cc., 
filtering off any material in suspension and washing 3 times 
with hot water. To the filtrate at boiling point were slowly 
added 10 -20 cc. of a saturated solution of ammionium oxalate ( a 
at boiling point) and then dilute ammonia in moderate ¿xcess. 
The mixture was boiled for 2 Cr 3 minutes and then placed on a 
hot plate overnight. The :recipitato was filtered off, washed 
3 times with warm dilute a Jdonia, dissolved in 15 -20 cc. 4î. 
H2604 and titrated at 70oC. with N /20 {Mn04 The titration 
fioures varied for different sols. from _.bout te 14 cc. 
..-The 
, standard deviation or-vi, where w represents the 
absolute dif_'r:re:lc.. t- ; a; --.1 -- . n- i- i .. . , . _. ', y... _ . _t. r;n at Cns , was 0.'77. 
There were indicato,-, that ti :t . diffrArce between two results 
depended upon the magnitude of the calcium present in. the sample, 
b>>t insufficient data , were c_v-:il, b'-e for a precise e _'- -at -on, 
m1-n ..,,,__, 
77-an, c + __ . , was 0.185. 
It may 
--- . difference be co_-:c':ud:? yt,  greater than 
about 0.4 is most unli.Lely in duplicate determinations by-this 
method - aot'. lly there ws ore in the 23 m:.arrples. The Ct2;n- 
dard deviation of 4.29 represents approximately 0.027 mm ys . e.ju].v 
of calcium in 100 g. soil and since the average 1 
7 
, ver:. valt;e is about 
0 
. f , duplicate results ?.:a;; r be sc4 é agree within 7 per cent. 
APPE`?DIX II. 
om utation of the Errors involved in estimatin the degree of 
infestation of Heterodera schachtii in Soils. 
TECHNIQUE. 
Field. Generally speaking, a strip about 5 yards wide, 
and running through the centre of a patch previously known to be 
affected with disease, was selected for examination. The strip 
as subdivided into lengths varying from 10 to 15 yards so that 
ach plot sampled has an area of from 50 to 75 sq. yards. At 
east ten borings to plough depth were made at intervals over 
ach plot, a soil auger being employed for the purpose. Except 
'n two cases which will be discussed later, the borings were mixed 
give a composite sample. This method was devised to get a 
epresentative sample of soil to plough depth and overcome the 
ifficulty due to the fact that some centres had been ploughed 
+hilst others remained unploughed at the time of sampling. 
Laboratory. The composite samples were spread out in 
he laboratory and allowed to reach an air -dry condition. They 
ere then broken up and the material passing through a 2 mm. siev 
as employed in the examinations. For cyst counts, ten samples o 
c.c. were taken, by the usual method of quartering, from each 
omposite sample. The cysts were removed from the soil by the 
method described by Morgan (3). The sample of soil was placed in 
Stohmann shaking bottle or a standard flask, and shaken with 
bout 200 c.c. of water for 4 or 5 minutes. The flask was then 
illed up with water and allowed to stand until the cysts had 
loated with undecayed vegetable matter to the surface. The 
loating material was then thrown on to a filter paper and the 
ysts counted under a low power lens. A number of cysts adhere to 
tones and fragments greater than 2 mm. and are therefore lost in 
he above method. To estimate the loss incurred, the material re ater/ 
greater than 2 mm. in 
diameter was examined in ten cases for 
peat soils, and in 
four cases for sandy soils. The greatest 
loss was 3.3 per 
cent. for a peat soil and 1.2 per cent. for a 
sandy soil, the respective 
averages being 2.5 per cent. and 
0.9 per cent. As will be seen from 
the tables which follow, 
these figures, which were fairly 
constant for the two soil types; 
are scarcely worthy of serious 
consideration. 
SOURCES OF ERROR. 
The counts made as described are liable to two 
important sources of error namely, (a) the field error 
due to 
taking ten borings to form a composite sample representative of 
a plot, and (b) the laboratory error due to the sampling and 
counting of the sieved air dried soil. An attempt has been 
made to express those errors in the form of percentage standard 
error. 
Laboratory error. Sufficient data are available to 
form a good estimate of the standard error due to laboratory 
sampling and counting, for over 90 samples, yielding about 900 
counts, were carefully examined. Table I is typical of a series 
of samples and is set out at length to show the variation found 
in the individual counts of a sample and the method of arriving 
at the standard error of each mean. 
The results of every sample have been subjected to the 
same treatment to get an estimate of the standard error due to 
sampling and counting in the laboratory. For each series of 
plots, the percentage error has been averagedl for those counts 
of more than ten cysts per 10 c.c. of soil. That limit has been 
chosen arbitrarily in order to exclude those samples taken from a 
strip running beyond an area actually infested and those samples 
in which the number of cysts was so small as to make the standard 
error/ 
i Since only an estimate of the error was desired the 
arithmetic mean has been taken. 
Table I. 
The cyst counts in a series of ten composite samples and the estimation of 
the laboratory standard error. 
Sample 120A B C D E F O H I J 
32 44 41 57 47 41 48 40 54 35 
34 51 42 48 42 36 50 52 28 25 
44 43 30 49 53 48 54 61 52 28 
31 44 29 42 50 36 48 49 41 37 
35 39 39 42 47 44 59 65 48 42 
31 39 39 49 57 44 68 59 40 30 
21 44 33 37 58 42 50 64 58 30 
40 42 35 52 45 30 51 55 42 29 
33 50 37 45 40 43 57 48 64 30 
32 49 50 52 52 34 46 40 43 27 
% 33.3 44.5 37.5 47.3 49.1 39.8 53.1 53.3 47.0 31.3 
S(% - %)2 328.0 162.0 348.0 312.0 325.0 181.0 399.0 748.0 874.0 240.0 
a2 36.4 18.0 38.7 34.7 36.1 20.1 44.3 83.1 97.1 26.7 
at/Viii F91 1.34 1.97 F86 1.90 1.42 2.10 2.88 3.12 1.63 
% error 5.73 3.02 5.25 3.94 3.87 3.56 3.96 5.41 6.63 5.22 
X2 9.85 3.64 9.28 6.60 6.62 4.55 7.52 14.04 18.60 7.67 
Average percentage error =4.66. 
% =the arithmetic mean of each set of ten individual counts. 
If % =any one count, (% -X) is the deviation from the mean. 
S (X - %)2 =sum of the squares of the deviations. 
a2 =the variance- S( % 
-% 
for small samples, when n equals the number of n -1 
counts (b). 
a = the standard deviation and o /V10 = the standard error of the mean. 
Xz =S (% X. - %)2 
Table II. 
The percentage standard errors due to laboratory technique 
and the indices of dispersion. 




samples per cent. Sn X' 
Peaty sand 23-32 10 7.34 90 93.11 
124 A -124 E 4 6.82 36 29.21 
66-75 3 6.44 27 30.92 
Weighted mean 7.06 
Peat 46-55 4 6.22 36 34.01 
113 A -113 C 3 7.89 27 42.44 
11 -20 10 4.31 90 61.44 
111 A -111 D 4 9.02 36 40.82 
112 A -112 D 3 8.49 27 39.67 
6-10 2 5.49 18 18.83 
56-65 10 5.86 90 84.01 
120 A -120 T 10 4.66 90 88.37 
101 -110 10 5.30 90 91.61 
Weighted mean 5.76 
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Fig. 1. Diagram representing association between X and a2 for cyst counts. 
error quite abnormal. Table II gives a summary 
of the results. 
The figures in Table II show that when sandy soils are 
considered the standard error due to laboratory technique is of 
the order of 7.1 per cent., whilst for the peat soils, which 
incidentally were found to have much greater counts, the error is 
in the neighbourhood of 5.8 per cent. That laboratory error 
appears to be large, but amore careful consideration of the 
position indicates that it is what might be expected. If a 
particle is taken from the soil, the chance of its being a cyst 
is very small indeed: if, therefore, samples consisting of large 
numbers of particles are taken at random from a bulk sample, the 
numbers of cysts in those samples should be distributed according 
to a Poisson series. An agreement of the results with the 
theoretical distribution affords a test of the suitability of the 
technique, and they have been submitted to an analysis similar to 
that employed by Fisher, Thornton and Mackenzie (2). For all 
Poisson series the variance is numerically equal to the mean, 
S(X - X)2 
and the index of dispersion,x 2 = 
X 
, is distributed in a 
known manner so that, for every value it assumes, there is a cor- 
responding value P representing the probability that le will be 
exceeded by chance. In other words, it is possible to test the 
agreement between the results obtained and those expected. As a 
first approximation (2 was plotted against and Fig. 1 shows 
that the majority of the points lie fairly closely to the line 
representing a true Poisson series. With a single sample of ten 
counts the range of variation of X 2 is too great to be of such 
value, but the sum of any number of quantitiesx0 is distributed 
in the x2 distribution, and it is therefore at least possible to 
test if the variability from expectation is normal. The values 
of x2, calculated as in Table I for each sample of ten counts, 
have been summed for each series of samples, Table II. In this 
case 
case Sn is equal to the sum of the various values of n for the 
separate samples, n being one less than the number of counts. 
To test if the value 654.44 for70 is normal for 
n = 657, use has been made of the fact that for such a large 
value for n, 2X2 is approximately normally distributed about 
/2;17:71 with unit standard deviation. In this case 
= 36.18, 
2n - 1 = 36.24, 
Difference = -.06. 
The difference is much less than the standard deviation 
so that the variability between parallel counts is quite normal. 
Finally, values fora 2 are set out in Table III at 
intervals alongside the expected values taken from at2 table (1)L 
The agreement is very -good. By taking eight groups 
the probability of obtaining a worse fit by chance from normal 
data is about .2, so that there is no significant deviation of 
the values from expectation. The analyses of the results -seem to 
indicate, therefore, that most of the sets meet the conditions 
required by samples from the Poisson series and that, therefore, 
the technique was satisfactory and the mean value for each set o 
counts a reliable estimate of the number of cysts of H.eterodera 
schachtii present in the soil sample. It follows.that if the 
technique were perfect there would still be an inherent percentage 
standard error equal to 20.44 x 100 = 
10 20.44 
b. for the peaty 
sands and 32.13 X 100 = 5.57 for the peats, where 20 )0 and 
10 32.18 
32.18 are the respective means when samples having counts less 
than 10 are omitted as previously. The values found compare very 
favourably with those calculated and may therefore be employed 
with some confidence as giving a measure of the laboratory error. 
Field error. A large variation in the numbers of cysts 
from point to point on a plot is to be expected. To get figures 
for/ 
Table III. 
Comparison of observed and expected distribution of x2. 
X2 Expected 
73 % expected 
m 
Observed 
in +x x$ /m 
4.168 10 7-3 7 0.012 
5-380 10 7-3 7 0.012 
6.393 10 7.3 6 0.232 
8.343 20 14.6 22 3.750 
10-656 20 14.6 18 0.792 
12.242 10 7.3 - 2 3-849 
14-684 10 7.3 5 0.725 
and over 10 7-3 6 0.232 
Total - 73.0 73 X$ =9.604 
P =0.2 
Table IV. 
Variation in cyst content over two small plots and estimation of field errors. 
Peaty sand plot 124 C 
A 
Peat plot 11* 
Mean of 
10 counts 
Sample (X) (X -1)2 Sample 
Mean of 
10 counts 
(X) (X -1)2 
23 16.3 7.3 101 25.8 100.0 
24 14.0 25.0 102 32.0 4.8 
25 11.4 57.8 103 25.5 106.1 
26 10.6 70.6 104 45.7 98.0 
27 15.9 9.6 105 35.1 0.5 
28 22.3 10.9 106 62.7 723.6 
29 17.8 1.4 107 26.3 90.3 
30 19.5 0.3 108 45.3 94.1 
31 24.3 28.1 109 31.8 16.0 
32 37.5 342.0 110 27.9 62.4 
Total ... ... 189.6 553.0 358.1 1295.8 
Mean X ... 18.96 - - 35.8 - 
Variance (a2) ... .. 61.4 143.9 
Standard error of mean (a¡,J10) 2.48 3.79 
Percentage standard error ... 13.1 10.6 
Percentage aLJV10 ... ... 7.3 5.3 
Percentage 01/,110 ... .. 12.8 10.5 
Percentage "total error" ... 14.7 11.7 
* Samples 101 -110 were taken 6 months later than composite sample 11. 
for that variation in order to arrive at an estimate of the error 
involved in making a composite sample of ten borings, the follow- 
ing experiment was carried out. Ten samples were taken from each 
of the plots 1240 and 11, and examined separately. Ten counts 
were made for each sample. Table IV summarises the results. 
The values 13.1 and 10.6 represent the percentage 
standard errors of the mean of a total of mn counts on n borings 
_ 
z crotz 
, n (A), 
where m = n = 10, 
o y(,r. = the percentage standard deviation of the mean of m counts. 
TF 417L = the percentage standard deviation of the mean of n borin 
The value for (*bin, representing the field error, has been cal- 
culated from equation (A) . 
Total error. The "total standard error" of the mean of 
m counts on a composite sample of n borings is then equal to 
era 
+ins = 14,7 per cent. for the-peaty sand and 11.7 per 
cent. for the peat. 
The extent of those errors is due largely to the 
abnormal variations. of samples 32 and 106 from the respective 
means. If those samples are excluded the "total standard errors" 
become respectively 11.1 per cent. and 9.1 per cent. The differ- 
ences are considerable and serve to show how the large variation 
in infestation over a small plot may influence the results. It 
would be advisable to increase the number of borings taken to mak 
the composite sample. For example, if the sample were obtained 
from 2C borings and 10 counts were made, the error of the mean 
ould be reduced to about 9 per cent. for the peats. It is doubt 
ful if increasing the number of borings beyond 20_-.tóuld serve 
ch useft l purpose since a large increase in the size of the 
sample to be handled in the 1 aborator:- would make Satisfactory 
*papule on difficult. ._s evidence of the fluctuations actually 
btained/ 
obtained, the following results ara 
cf so:-e interest. Plot 1240 
was sampled in the usual way, the mean of the ten counts being 
19.7 compared with 18.96 for the ten samples 23-32, or 16.9 for 
the nine samples 23 -31. Plot 46 overlapped plot 113B and the 
respective means were 23.5 and 25.0. In both cases, therefore, 
the difference between duplicates was quite insignificant, being 
less than the standard error. 
Taking the standard error as about 14 per cent. for th 
peaty sands and 11 per cent. for the peats, it is now possible t 
review the results in greater detail. 
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APPE?` ?DIX III 
e -i h cc.. displaced. soil solution. Tariati,._ _ ._ 
A certain mount of data is available on the effect o 
lime Ois the composition of the drainage water fro tanks acid 
lysimeters, and considerable attention has been given to the 
question of displacing the soil solution. It is unnecessary to 
do more than comment briefly upon the results because the 
literature has already been reviewed (4, 7) . 
The results obtained fro-_ different i-_lvesti`atiol.is on 
drainage water are nct in absolute agreement, which is doubtless 
due to the varying depth and the different absorptive capacities 
of the soils employed. A survey of the data, however, indicates 
that liming usually incr6ases the amount of Magnesium removed 
from the soil, has no effect on the potassium, and little or no 
effect on the phosphate. Sometimes nitrification is increased, 
in which case more calcium is liberated, but with heavy soils 
that does not always occur, probably because their absorptive 
capacity is sufficiently high to prevent such a change in the 
soil solution as is necessary to stimulate nitrification. 
The composition of the drainage water from a soil is 
act necessarily the same as that of the soil solution since 
leaching is accompanied by a succession of chemical equilibria. 
Consequently, an average value for a more or less prolonged 
period is obtained rather than the composition at any particular 
time. Furthermore, the investigation of the displaced soil 
solution involves a preliminary aeration and mixing of the soil, 
usually followed by an increase in the moisture content to the 
optimum for plant growth, and that treatment might be expected 
to produce more rapid changes than could occur in the field. 
The observations reported in this note were obtained in the 
course/ 
course of an examination of the soil solutions displaced at 
intervals from certain soils which had been treated with differ- 
ent amounts of dolomitic limestone, and indicate the nature of 
the early changes which may take place. 
Experimental. 
A silt loam (Group A, Table 1), and a sandy loam 
(Group B), having respectively 6. per cent. and 3 pt-:r cent. loss 
on ignition, were air dried and mixed with cuontities of the 
ground limestone correspondin`_ to half, once and twice the "lime 
re ÿuirement" as shown by the Truog test. The limestone con- 
tained about 50 per cent. calcium carbonate and 40 per cent. 
magnesium carbonate. The moisture contents were then made up to 
optimum and the soils placed in earthenware pots which were 
covered to reduce evaporation. Fresh samples of a silt loam 
(Group C), from two experiment plots, were allowed to dry to 
optimum moisture content, screened and stored in the same way. 
One plot had been limed twice in the rotation in 14 years, while 
the other had receiver] no treatment during t'_at period. 
After definite intervals, noted in Table 1, each soil 
was screened and a portion packed unto a glass percolator. The 
soil solution was then displaced by a 0.5 per cent. solution of 
ammonium thiocyanate as described by Pierre (3) and calcium and 
magnesium were determined by standard methods. As has been 
stressed by other workers, the success of the displacement was 
found to rest in getting the soil uniformly packed, and so com- 
pacted as to allow the liquid to descend at a convenient speed. 
By packing about 30 g. at a time into a percolator 30 cm. long 
and capable of holding about 300 -900 g. moist soil, it was found 
that over 30 per cent. of the original moisture could be obtained 
from the silt loam and about 20 per cent. from the sandy loam. 
For pH determinations, a soil suspension was taken rather than 
the displaced solution whose reaction changes appreciably on 
mommex osure 
73 
exposure to the atmosphere. The quinhydro-Lac electrode was 
employed with a Leeds and Northrup potentiometer. About 10 g. 
moist soil and a few decigrams of quinhydrone were mixed with 
25 cc. distilled water, and allowed to stand for a few minutes 
before the reading, was taken. 
Results. 
Burd and Martin (1) have discussed in detail the 
relation between the concentration of individual ions in the soil 
solution and the moisture content of the soil. The concentratio 
of calcium is inversely proportional to t} e moisture content , b 
that relationship does not always hold for magnesium. The resul 
for calcium and magnesium, submitted in Table 1, have been cal- 
culated to uniform moisture content but without introducing any 
serious error because the mean variation in moisture content in 
any group over the entire period was less than 2 per cent. All 
the results obtained with the silt loa^is have been calculated to 
20 per cent. moisture content and those for the sandy loam to 
8 per cent . The- have been expressed as milligra.:, equivalent s 
per litre of displaced solution. 
Discussion of results. 
A cónsideration of the data for groups A and B reveals 
some interesting results. In both groups, storing under condi- 
tions favourable for nitrification processes has been as 
effective as the addition of dolomite in increasing the concen- 
tration of calcium and magnesium. Burd (2). has investigated the 
changes in the soil solution due to. biological oxidation. The 
pH cf his soil remained almost constant and the large increase 
in nitrate readily accounted for the increase in cations. 
Table 1/ 
(`a 
factor. Hissink 0) has shown that the rate of absorption of 
calcium carbonate depends chiefly upon the potential absorption 
of the soil and its degree of saturation with bases; but reserve 
calcium cabonate will play a big part in t`.ie mass action relation- 
ships and permanence of effect, while the nature of the soil 
solution will determine the amount of calcium which can come into 
solution and remain in solution. The nature of the soil solution 
is governed by such things as H -ion concentration and the 
presence of various anions which affect the solubility of the 
calcium. It will be observed that the pH of the lighter soil (B) 
has been altered more than that of the heavier soil (A) both by 
addition of. limestone and by storage. Consequently, the varia- 
tions in the concentration of calcium in the soil solution have 
been more pronounced in B than in A. Both `roues show definitely 
that, while the addition of carbonate reduce$ the H--ion concentra- 
tion of the soil, it does not necessarily increase the amount of 
calcium in solution. 
MacIntire has carried out extensive lysimeter investi- 
gatios with different lirain' materials and found (5, 6) that, 
after applications of dolomite in quantities equivalent to 
ó -100 tons of calcium oxide per acre, the outgo of calcium 
increased with increasing_ additions but that the outgo of magne- 
sium did not. As already observed, the experimental conditions oil 
the present investigation were widely different from those in 
lysimeter work, and the magnesium results reported here show a 
very decided and parallel increase due to the addition of dolomite 
as well as to biological activity. It is obvious that after 31 
days there is still no evidence that the soil solutions have 
become saturated with magnesium as they have with calcium. The 
greater rate of change with the sandy loam compared with t'_.e silt 
loam is again clear, although the results for group B are not 
quite 
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quite complete. Unfortunately it -::as not found pçssible to 
effect `Y?Cthnr d-! snla.cQment to discover h-^:°. -1:?^h ,p¡iCr 
,.,clu' ion, but ii-, intervsting to ob`r`rtre 
that it, ?'...._ ,..-c,,..:, rorrL,1V7 equivalent te ti.., calcium. 
That those results apply only to initial c _a0 es scefLs 
to be boras ou;, by the data obtained fro he experiment plot soil 
The two applications of lime in the rotation have increased the 
quantity of calcium in the solution but reduced the quantity of 
magnesium. However, both cations would appear to be in a more 
available- condition in the limed plot, as indicated by the res- 
pective increases brought about by 11 days storage under ccnditio 
suitable for biological activity. It is obvious that the 
concentration_ of the soil solution in the field is changed 
rapidly and to a considerable extent under the conditions des- 
cribed. It would seem, therefore, that the usual preparation of 
a soil for use in pot experiments oust exert a mar'.ed influence 
upon th growth cf the plant under ex-a ination (at least in the 
early stages) a._ . 71 introduce a factor of undoubted importance in 
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Observations -on the Effect of Various Fertilisers 
on Soil Acidity. 
The method employed in some preliminary work.was to 
prepare a titration curve for fertiliser and soil by shaking 
1 : 2.5 suspensionsof soil in water with different quantities of 
the fertiliser overnight, and measurinv the final pH values of 
the suspensions. A series of curves could then be drawn showing 
the effects of different substances on the-sarn® soil. 
The three soils which have been examined are all from 
the College Experimental Farm but differ markedly in their pro- 
perties. The very acid peat soil is from a thin covering on wel 
weathered basic andesite at an elevation of about 1300 feet and 
the oven dry material has a loss on ignition of about 65 per 
cent. The clay ;oam oçcurs at the base of the hill within the 
area of an alluvial fan and contains about 20 per cent. each of 
clay, silt, fine sand and coarse sand by the international 
about 
pipette method of analysis. Its loss on ignition isxl0 per cent 
The sandy loss__ is from a glacial mound of sand and `ravel, which 
at one time carried a plantation of trees and has certainly not 
been cultivated for 70 or 30 years. It is an extremely infertil 
soil with a high degree of unsaturation, contains more than 
60 per cent. of fine and coarse sand and has a loss on ignition 
about 
of1ll per cent. 
These soils wero chosen as being representative of 
widely different tyres rater than of large areas in the East 
Scotland. 
In addition to calcium carbonate (precipitated) and 
calcium hydroxide (in solution), which have served as controls, 
the following fertilisers have been examined in the course of the 
investigation :- Superphosphate 13, 16 and 14 per cent., nitro- - 
















14% "low- soluble" . 6oo 4.89 5'2 
16.5% «> .. 5.88 4.96 5.2 
I I % "high- soluble" . 6.22 5'42 5'5 
14% I, 6.36 5.58 - 
16.5% . 6.46 5.68 5.6 
Calcium carbonate .. 7.02 6.65 6.1 
Blank .. 5'47 4'26 4'67 
cyanamide, and five samples of basic slag, viz., 16.5 and 14 per 
cent. "_lew- soluble" and 11, 14 and 16.5 per cent. "high- soluble" 
slags. 
A series of results obtained from the curves for the 
three soils with the different slags is submitted in Table 1. 
It is interesting to observe how the results obtained 
for the sandy loam compare with those collected from a pot 
experiment which has been carried on for three years with the 
same soil (W), see fig. 7 p. 37. Different sets of pots were 
treated in the spring of 1931 with calcium hydroxide, 0.2 per 
cent. of which has raised the pH value of the soil from 4.33 to 
5.31. Dressings of 0.25 of the 14 per cent. "high soluble" slag 
applied in spring 1933 raised the values from 4.33 to 4.91 and 
from 5.31 to 5.68: these figures are the averages of nine obser- 
vations on quadruplicate pots during 1933. The curves, from 
which a few figures are given in Table 1, shoy. that 0.3 per cent. 
of the same slag raises the pH values from 4.26 to 4.39 and from 
5.30 to 5.72. Although this method, therefore, would seem to 
give fairly reasonable results with slag and is extremely useful 
°' PAerid; x y.. 
in the estimation of "lime requirement" (7), there is an obvious 
objection to it in an investigation of this kind. 
Except in the case of calcium hydroxide or calcium 
carbonate, there are bound to be secondary effects, as a result 
of cation exchange, which depend upon the constitution of the 
fertiliser and the character cf the soil. Furthermore:, 18 hours 
contact is certcinl__ not long encuEh to allow,: eeuililDrium to be 
reached With the les:, eclub_ . : bs` ,a; -ice^ 
To correct these errors, a series of experiments was 
arricd out in which the suspension of water, soil and fertiliser 
¿as shaken at intervals daily by .hand for one week. The suspen- 




ALTERATÌONS IN pH VALUE PRODUCED BY DIFFERENT FERTILIZERS AFTER 
ONE WEEK CONTACT. 
Fertilizer. 
None .. .. .. 
Calcium carbonate .. 
Superphosphate (14% or 




Calcium cyanamide .. 
Basic slag 14% "low - 
soluble" .. .. 
Basic slag 14% " high - 






































distilled water until the. conductivity of the filtrate reached a 
uniform lo=v value in each case. This treatment may be regarded 
as much more drastic than severe leaching, of. the soil by rain, 
but it gives a convenient basis for the comparison of results. 
The pH value of the soil :;as then compared with that of an 
original suspension before filtering. 
The results obtained with two soils are presented in 
Table 2. 
It will be observed that the longer contact and the 
washing have had an important influence upon-the results. The 
quantities of material ,dded to the soils. are, of course, of 
quite a different order froi those which would be used in 
practice, but they serve to show the different effects produced 
by different fertilisers. The t,o superphosphates increased the 
acidity to practically the same extent.. All the other materials 
decreased the acidity. By preparing titration curves and inter- 
polating at suitable, points, it is possible to show that such 
dressings as are commonly employed in practice would have very 
small effects. 
This was done in an experiment in which various amounts 
of the 14 per cent. superphosphate, of the 26 per cent.mineral 
phosphate and of two of the slags were shaken daily in soil 
suspensions over a period of three months. 
Superphosphate. The pH value of the clay loam was not much 
affected up to additions of 0.5 per cent., being reduced from 
6.33 to an average value of 6.19. Similar additions to the sandy 
loam had practically no effect, the average pH value being 5.01 
as against 4.97 in the blank experiment. Additions of up to 1.5 
per cent. had no significant effect on the peat soil. 
Mineralphosphate. Successive additions to the clay loam up to 














Calcium Carbonate p 
Low - soluble Slag o 
Per cent added -to air dry Soil -- 1I I I I 1 1 1 I 
0.5' 1.0 /.5 
/0 2.0 3.0 4'0 5.0 
FIG.I. TITRATION CURVES 
TABLE III. 
RELATIVE AMOUNTS OF CALCIUM CARBONATE AND Two SLAGS REQUIRED 
TO PRODUCE SAME CHANGES IN SOIL ACIDITY. 










Clay loam 3 months, washed 6.33 -7.5o roo 155 296 
Sandy loam 4.97 -7oo roo 117 262 
Peat soil 77 3.69 -6.00 roo 147 188 
Clay loam Overnight, no washing 5.47 -6.75 roo 33o 62o 
Sandy loam 75 II 4.26 -6.5o I00 23o 520 
Peat soil 4.67 -5.7o roo ,8o* 35o 
* 16.5 per cent. "high- soluble" slag. The peat soils were sampled at 
different times and are therefore not strictly comparable. 
8r 
that an addition of 0.1 per cent. raised the pH value only from 
6.33 to 6.4o. 'Nith the sandy loam, a maximum addition of 4 per 
cent. raised the pH from 4.97 to 6.76, and a dressing equivalent 
to 0.1 per cent. to 5.10. In the case of the peat soil a maximu 
of 9 per cent. raised the value from 3.69 to 5.3, so that the of 
effect of 0.1 per cent. is again less than 0.1 pH unit. 
These results agree with those obtained in certain 
carefully conducted pot experiments (8) and field experiments 
extending over many years (4, 9) and from extensive observations 
in the field (6). 
The curves for the basic slags are shown in fig. 1, 
and the results are summarised in Table 3 which also includes 
corresponding results from the first set of experiments in order 
to illustrate the importance -of the time of reaction and washing 
of the soil. 
It has been recognised for a long time (3) that slag 
contains a considerable amount of lime which is readily liberate 
and capable of acting as a base. It has also been shown that th 
lime content is comparable with that of calcium carbonate in 
fertility value (5) and in the reduction of the degree of 
unsaturation of the soil (10) . The statement, however, that 
"1 cwt. of slag has about the same lime value as 1 cwt, of 
calcium carbonate" which appears in a recent bulletin published 
by the Ministry of Agriculture and Fisheries on Artificial 
Fertilisers (1) and is possibly based upon some preliminary 
observations in the Eighth ;'report of the Basic Slag Committee, 
is misleading and not supported by the results obtained in this 
investigation. Small dressings of carbonate or slag applied to 
an acid soil may show almost the same effect, but the titration 
curves shown here for the two slags and calcium carbonate are 
quite different for all three soils. Average values, calculated 
from/ 
$2 
from the curves, showing the relative amounts of the three 
materials required to bring about definite increases in the pH 
value of each soil are shown in Table 3. The ratios of the 
amounts of material for each -soil were remarkably constant over 
the pH range selected. The prolonged contact has practically 
doubled. the effect of the slags compared with the calcium 
carbonate. 
In a laboratory experiment in which they added different 
materials to the soil and kept the mixture moist for several days 
Brioux and Jouis (2) found that slag was approximately one third 
as effective as lime in decreasing the acidity of an acid sandy 
clay soil; in a similarly conducted experiment Williams (10) 
observed that, even on the basis of equal quantities of lime, a 
slag did not reduce soil acidity to the same extent as calcium 
carbonate or limo. 
The neutralising value of the slag obviously depends 
upon the nature of the soil examined. It also depends upon the 
nature of the slag. The different effects produced by equal 
weights of different slags are illustrated by the figures of 
Table 1 and it seems that the "high- soluble" slags are much more 
effective than the "low- soluble" slags. 
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APPENDIX V 
The Estimation of the "Lime -requirement" of the Soil. 
Information on the degree of unsaturation of a soil is 
extremely valuable since the figure is a well defined character- 
istic of the soil. But the determination of the degree of 
unsaturation is too laborious for the routine estimation of 
"lime -requirement" and is .usually replaced by some simpler 
arbitrary determination which will give results accurate enough 
for advisory purposes. In assessing the !'lime- reeuirement" of 
an acid soil, due attention is given to the cropping as well as 
to the soil properties, and the methods usually employed involve 
essentially the estimation of the absorption of a base under 
specific conditions. The results are closely dependent upon the 
experimental conditions, and the lack of complete agreement anion 
different methods is, therefore, n6`, surprising. 
The displacement of hydrogen. by calcium or any other 
base raises the pH value of the soil and the change depends upon 
the degree to which displacement has taken place. The extent of 
absorption and displacement, however, are related to the cosposi 
tien of the solution at the end of the reaction and are, therefo 
not strictly comparable for different soils. The buffer capacit 
also varies considerably for different soils. consequently, it 
would seer,L to be desirable to obtain more than one "lime-require- 
ment" figure for any soil by whatever method the estimation is 
made. A comparatively short series of results for a soil showing 
the increase in pH value or the absorption of bases under_slightl 
different conditions presents a much more complete picture of the 
properties and probable behaviour of the soil under field 
coiditìois. 
Tì;e majority of soil -samples which are received from 






0 20 30 .40 30 60 
rk9. t. Duffer Capacity Curves 
TO t)o vo +oo 
the method for estimatinE their "lime-recuirements" has been 
bedon the above observations. It is a modification of the 
procedure recommended by Tovborg-Jensen (2) for estimating the 
buffer capacity of the soil and has already been described (1). 
The ratio_for soil to n/10 Ca(OH)2 solution is 1 : 2.5 except 
in the case of peaty soils when the ratio_omployed is 1 : 5 cal- 
culated-to air dry soil. The n/10 calcium hydroxide solution cal 
readily be obtained in presence of 2 per cent. sucrose. By this 
method, three or four points on the titration curve may be 
determined easily and quickly and are usually sufficinnt to 
the necessary izlforation for field practice: and 10C cc. of the 
undil.,uted solution is usually sble to bring the pH values of the 
most acid d hi7hly buffered mineral soils to about 7. 
Sufficient data are ..lot yet available to make a general 
statement on the rel,tiorohip Ilet7:e:L laboratory ad field fi7ure 
becausesatictory 'Z;Ur:2757 "F" a recnntly limed soil 
cul,rly difficult and, only after two or three cultivations, can 
one be sure that the li has become thoroughly distributed End 
incorporated in the soil to ploufr. depth. The -o_ethod har, bcon 
used, however, in cojunction ith various pot and plot experi- 
ments, and the results obtained v;1-th three different sail t7T.;eo 
are sho7n in the acccmpanvia finire and table 1. 
T11,7 1. 
Ilpplic-tion cf 1_':or:..torr estiz.tio.._ of "li.-re.,uirerent". 
Per cent. Ca(OH)2 
(a) Per cent. Ca(OH)2 added to soils and required to produce 
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In the case of the field soil D L _ .- _ut decity of 
air dry material passing a 2 mr,1. sieve = 1.15) the per cent. 
Ca(OH)s applied has .been calculated on the assumption that an 
acre cf soil . to a depth of 81 ins. weighs 2.25 X 10" pounds. 
Each pH figure given in Column 2 is the average value of about 
25 samples taken during the three seasons follovi ng the applica- 
tion of the calcium hydroxide. The other pH figures for the pot 
experiments are also the averages of large numbers of determina- 
tions. 
It will be observed that the original soil D gave 
values from the curve which approximate closely to those obtain d 
in the field except in the case of the heaviest application of 
lime . Durin`_ the fiest season, after the dressing of calcium 
hydroxide had been applied, the pH values of this plot were abou 
7.7; in the followins seasons they occasionally fell below 7.0. 
For practical purposes, therefore, the method would seem to give 
a fairly true indication of which might be expected to take places 
under field conditions. As right be expected, the results from 
pot experiments differ inasmuch as the amount of calcium hydroxide 
calculated from the curve to bring about a certain change in 
acidity is much greater than what is actually required (21 : 12). 
Soils F and H have been studied only in pots. They are 
abnormal soils, F being a very acid mineral soil and H an unculti 
vated acid peaty soil. In both cases the effects produced by the 
addition of calcium hydroxide to the pots are smaller than would 
be expected from the titration curves. For example, the pH value 
of F is raised to 6.4 by 0.45; Ca(OH)2 in the pots and by 0.39; 
in the laboratory. The factor, however, is not constant. These 
two very acid soils, therefore, behave differently from the more 
normal soil D. 
For routine purposes, the time of shaking the soil with 
calcium/ 
8C 
calcium hydroxide solution is about 18 hours - chosen entirely 
for convenience. Equilibrium is not always reached in that time 
but, apart from the higher points on the curves, the differences 
found by prolonging. the time of shaking to 40 or 60 hours are 
usually not large. 
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APPENDIX VI 
The Determination of Nitrate in Soil Extracts. 
There is an extensive literature dealing with the 
estimation of nitrate in soils and various workers have studied 
the question and written critically on different methods. On 
account of its simplicity, the phenol disulphonic acid method 
has naturally appealed to many soil investigators whose aim has 
been the observation of nitrification or the comparison of large 
numbers of samples rather than the accurate determination of 
absolute values. The main difficulty associated with this metho 
is the interference of the yellow colour produced, by the organi 
matter in the soil extract, and the accuracy of the method depens 
upon the manner in which this organic matter is removed. Variou 
means have been devised for this purpose and Harper (2) has made 
a useful review of the subject. The disconcertingly large number 
of papers criticising or recommending this or that precipitant 
furnishes sufficient warning against the adoption of any procedu e 
without a preliminary examination under the conditions of any 
particular experiment. 
The use of alumina as a precipitant of the organic 
matter has claimed a good deal of attention; but the comparativel 
recent suggestion of Skopintzew (.) to bring about the precipita- 
tion of the aluminium hydroxide at a definite pH value in the 
extract itself seemed to offer more adequate control of the re- 
action. It might be expected that the formation of the 
precipitant in situ, and under the best conditions for precipita- 
tion, would enhance its effectiveness and effect a general 
improvement in technique. Some preliminary experiments with this 
method demonstrated that the precipitate absorbed considerable 
amounts of nitrate and that a very much smaller quantity of the 
aluminium hydroxide than that recommended was sufficient to 
produce 
ß8 
produce perfectly clear solutions from the particular soil 
extracts under examination. 
The phenol disulphonic acid was prepared by heating 
together 3g. phenol and 37g. sulphuric acid (sp. gr. 1.84) under 
an air condenser for 6 hours at 100 °C. The reagent was stored in 
a coloured bottle. 
For the precipitation of the flocculating agent, solu- 
tions of approximately 13 per cent. aluminium sulphate and 1.25 
normal potassium hydroxide were prepared, and the relative 
amounts required, to produce a precipitate of aluminium hydroxide 
at pH 4.5, determined by means of bromcresol purple. 
A standard solution of potassium nitrate was prepared 
from the recrystallised salt. A definite volume of this was 
evaporated to dryness in presence of 1 drop of alkali to prevent 
loss of nitrate, taken up with 2 c.c. sulphonic acid and diluted 
to a suitable point so that 1 c.c. was equivalent to 0.01 mgm. N. 
Any required amount of this solution was immediately ready for 
comparison purposes by simply making it alkaline with ammonia to 
develop the colour. The comparisons were carried out with a 
plunger type of Klett comparator, and it was found that concentra . 
tions of approximately 2 mgm. N/L were most suitable. In the 
soil extracts examined, the values lay between 0.3 and 16 mgm. NA 
so that the amount of extract taken and the subsequent dilution 
of the coloured solution required careful attention. 
In order to test the reliability of the technique at 
various stages, a series of potassium nitrate solutions, each 
containing 0.1 mgm. N, were examined as follows. In set 1, the 
solutions were evaporated to dryness, treated with sulphonic acid, 
diluted and made alkaline with ammonia. In set 2, they were 
passed through a filter, which was then washed three times, befor 




aluminium sulphate solution and the equivalent amount of 
potassium hydroxide, and, after being shaken and allowed to stan 
ci 
for a short time, were filtered and examined like those of set 2. 
Complete recovery of nitrogen was obtained in the case 
of sets 1 and 2 but only 90 per cent. in the case of set 3. Thi 
indicated that no nitrate was lost in the process of filtering 
but that about 10 per cent. was lost in presence of the precipi- 
tant. It had previously been found that, for the soil extracts 
under examination, the above quantity of aluminium sulphate was 
sufficient to obtain a perfectly colourless solution, and that 
the amount recommended by Skopintzew, viz. 1 c.c., led to serious 
losses. Since the object of the investigation was to obtain 
relative, rather than absolute, values of nitrate in the same 
soil under different conditions, it was felt that a recovery 
approaching 90 per cent. was sufficiently accurate. 
To test the technique more thoroughly, various soil 
extracts, with and without additions of nitrate, were examined, 
and the following example is typical of the results. 
No. 
1 
Mgm. N in 50 c.c. - 




2 0.133 0.043 o . o5 86 
3 0.166 0.076 0.10 76 
4 0.197 0.107 0.15 78 
5 0.250 0.160 0.20 8o 
The technique followed in obtaining the above results 
as finally adopted, and consisted in placing 25 or 50 c.c. of th 
resh 1 :5 soil:water extract in a boiling tube, adding 6 drops of 
luminium sulphate and the requisite amount of potassium hydroxid 
haking, and allowing to stand overnight. The supernatant liquid 
as then poured through a filter and the precipitant washed 
horoughly/ 
91. 
thoroughly three times under s-trong jet of water. A drop of 
alkali was added to the filtrate, which was then evaporated to__ -- 
dryness; the basin was allowed to, cool and 1 c.c. sulphonic acid 
was added and mixed with the residue. After standing for 15 
minutes, the mixture was taken up with a little water, made 
alkaline with ammonia, and diluted to a suitable volume. 
In the cdurse of the last year or so, several papers 
have appeared dealing with the suitability of the xylenol method 
of determining the nitrate in soils (1, 3, 5), but the writer has 
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In a series of investigations, started nearly twenty 
years ago in the United States, it was gradually established 
that, although the application of nitrogen at the early stages 
of growth produced the highest yields of wheat, the application 
at time of heading produced the best quality with regard to 
protein content (D'a.vidson and Le Clerc, 6) . Kraybill (17) 
confirmed these results and also showed how the composition, 
generally, was influenced by fertilisation and length of growing 
period. Gericke (13) has also demonstrated in pot experiments 
that the protein content of a spring wheat as well as of oats and 
rye could be markedly increased by delaying the application of 
nitrogen. The .increase in protein content was further shown by 
Davidson and Shollenberger (7) to be associated with a wheat 
ielding as much flour as normal wheat, grown under the sane 
conditions, and a bread of superior quality. 
The economic importance, therefore, of a high protein 
wheat has been generally accepted in America, but emphasis has 
been laid by Mangels (19) on the influence exerted by climatic 
and soil factors and the difficulty of assessing protein content 
except by chemical analysis. InCalifornia; Alsberg and Griffing 
(1) have also demonstrated that climate is' a more important factor 
than either variety or soil in determining the quality of wheat, 
,for the ratio of protein to starch depends largely upon moisture 
onditions. In other words, the texture of the soil exerts a 
treater influence than its chemical properties, and that is con - 
irmed by results reported from Canada by Shutt and Hamilton (26), 
;ho found that the best grain was produced on soils which dried 
'ut in the ripening stage. Opitz ,22), ho.evcr, oaintai "ns that, 
lt.hou,^h th.,re i a gen::ra1 climatic effect upon the various 
)roperties of cereal grains in Germany, nitrogenous fertilisers do 
r:_rr+ ! 
exert an influence upon their quality* and .chemical and physical 
properties. 
In this country, on the other hand, Fisher and Jones 
(lû) found no correlation between protein_ content and baking 
quality and no significant increase in protein content due to 
manurial treatment; whilst Forster and Vasey (1l) assert that, 
under the growing conditions in Victoria, Australia, nitrogenous 
top dressings for wheat do not find favour on account of the 
non - drought resistant type of growth produced. 
These observations are sufficient to indicate that, 
although the composition of a crap like 'heat may be artificially 
influenced to some e:.tent, the effects of such factors as climate 
soil and variety make the problem a most complex one. 
In the case of barley, the position is different, 
because the valuation for malting purposes is le-::eyed by a high 
nitrogen content of the grain. The aim in th.. _ =_.,g of barley 
is, therefore, to obtain a satisfactory yield without increasing 
tha nitrogen in the dry matter, and in a study of this problem, 
extending over ten years, Russell and Bishop (25) have shorn how 
such factors as seasonal rainfall and temperature, soil type, 
manuring and cultural operations all play a part. They demonstra 
ted that soil and season have pronounced and equal effects and 
that a late application of nitrogen intensified the effect of 
over manuring with nitrogen in increasing the protein content of 
the grain. Similar results are reported by Bennett (4) . 
Unlike barley, an increase in the protein content of 
ats would enhance its value, for it is used almost exclusively 
for feeding purposes, and home produced foodstuffs alone mast be 
supplemented by imported protein -rich material. Although a fair 
amount of work has been carried out on the composition and meta - 
' olism of the oat plant, very little attention has been given to 
ghat/ 
5 
what seems to be the only feasible method.of controllin& the 
nitrogen content of the grain, namely, the time of application of 
nitrogen to the growing crop. 
In an earl;; paper, Hendrick and Greig (14) showed that, 
for the North of Scotland, the protein content was lower in dull, 
cool seasons ' ;han in dry seasons, whilst Berry (3) , in an 
exhaustive study. of the subject, came to the conclusion that the 
oat crop was more subject to variation than other cereals on 
account of the wide range of conditions under which it might be 
grown. The characteristics most subject to variation were 
nitrogen content and kernel weight, and he showed that there was a 
large variation within any one variety from year to year and, als 
that, in any one year, locality might exert an influence far in 
excess of that due to moderate manuring and time of sowing. He 
observed that a long or, especially, a short growing period 
produced grain having a nitrogen content above the averaçe, due 
respectively to immature crop and premature ripening. Fagan (8) 
and Wagner (30) have studied the variation in nitrogen content 
uring growth, whilst Stahl and Shive (28) have examined the rate 
of nitrogen absorption by the plant in culture solutions. 
enerally speaking, the absorption of nitrogen never ceases 
ntirely but its rate reaches maxima in the early stage and again 
uring flowering, which correspond to breaks in the gradual decli 
in the percentage of nitrogen in the plant between germination an 
ipening: the proportion of nitrogen also increases in the spike - 
et during ripening and decreases in the straw between the 
eginning of panicle f=ation and the "milky ripe" stage. With 
'nor exceptions, these data fall into line with Berry's views 
hat the absorption of nitrogen by the plant is practically com- 
plete at the beginning of July and that the storage of nitrogen 
n the kernel is derived entirely* from t` e supplies in the otw, 
husk; 
husk and chaff which lose nitrogen between June and harvest. 
A number of papers have also appeared dealing with_the 
effect of nitrogenous fertilisers on the growth and composition 
of the oat plant. Blanch, Giesecke. and Hew'__eshoven (5) have 
shown, in sand culture experiments, thst, with increasing nitro- 
gen supply, the period of maximum dry matter production in the 
ærial parts is shortened; , :hilst Tornau and Meyer (29) have 
shown that the growth period and maximum yield are increased with 
increasinE supplies of nitrogen and that the utilisation of 
nitrogen increases with the content of moisture in the soil. 
Pfatzer (23) and Kruger (18) have also demonstrated that the 
intake of nitrogen is influenced largely by the amount of soil 
moisture. Mix C20) has also obtained results which show that, 
although the nitrogen content of oats is partly inherited and 
undoubtedly affected by climate, soil and manuring, it is usually 
increased by late sowing and rising temperature up to tillering, 
and decreased by high rainfall after tillering.. These observa- 
tions are all more or less what would have been expected from the 
earlier work mentioned, and serve to illustrate the variety of 
factors which is likely to influence the final protein content of 
the grain. There see ms to be only one paper, however, which 
deals with the possibilities of increasing the nitrogen content 
of the grain by delaying the application of nitrogen. 
In 1922, Gericke (12) reported the results which_he 
obtained in a set of greenhouse pot culture experiments with a 
soil deficient in nitrogen.- The conditions were undoubtedly 
suitable for obtaining definite responses, because there were no 
disturbing effects due to climate, including soil moisture, and 
locality, and the amount of nitrogen applied, equivalent to about 
00 lb. per acre, was far in excess of what would be permissible 
der normal field conditions. The chief observations may be 
summarised/ 
summarised as follows The tallest plants were produced in the 
series of early dressings, and nitrogen, applied to progressive) 
older plants, produced correspondingly shorter stalks but a large 
number of them so that, actually up to a certain age of the plant 
the later the application of nitrogen the greater the amount of 
dry matter produced. Although the first plants to reach maturity 
were those receiving the earlier dressings of nitrogen, the 
length of the growing period of the head- bearing stalks was 
decreased as the application of nitrogen was delayed. That was 
because tillring did not commence until nitrogen_ was applied 
and, the later the tillers started, the shorter their period of 
growth. The untreated cultures were the last to mature. Finally 
there was a progressive increase in the protein content of the 
grain as the time of application of nitrogen was delayed. 
Actually, there was more than twice as much protein in the gain 
from the cultures receiving the latest treatment as in the grain 
from those which received nitrogen at the time of planting. 
Gericke himself has emphasised the fact that such conclusive 
results would robably not be obtained from other soils, but his 
figures seem to remove any doubt about the existence of physio- 
logical differences of oat plants at different stages of growth 
and the manner in which nitrogen affects the quantity' and quality 
of the product. 
In spite of the importance of climate and locality in 
affecting the composition of the grain, there appeared to be.con- 
biderable grounds for believing, therefd°e, that the result of 
delaying the application of nitrogen in the field would be a 
tendency to increase the protein content of the grain. It was, 
of course, realised that experirents would have to be continued 
over several seasons in order to collect conclusive evidence, and 
that it would be necessary to confine comparisons to the actual 
differences; 
differences obtained in different years. In other words, on 
account of variations in any variety due to climate and lócality, 
it W -;s unlikely that any study, beyond that of the effect of time 
of application of nitrogen on protein content from year to year, 
would yield satisfactory results within a reasonable time. In 
the experiments to be described, therefore, no attempt was made 
to study the same variety each year, and the soils were not 
selected for their responses to nitrogen but were accepted as 
normal arable soils under rotation, none of which could be des- 
cribed as abnormally deficient in nitrogen. The primary object 
of the investigation was to determine whether the protein content 
of the grain could be increased under ordinary farming conditions 
without prejudice to harvest operations, and the monetary value 
of such a change. 
TECHNIQUE. 
The area selected for experiment was usually simply a 
section of a field, removed from headland influences, which was 
sown in the usual manner. Strips about one foot wide, separating 
the plots, were kept hoed during the season and the crop was cut 
y scythe. The produce from each plot was tied into sheaves and, 
fter a suitable lapse of time, determined by weather conditions, 
he grain was stripped from the sheaves. and threshed by hand. 
ome time usually elapsed before the analyses could be undertaken, 
ut all the samples from an experiment were analysed in the cours 
the 
f a few days. In the larger plot field trials, samples of /grain 
vere usually collected immediately before cutting'ommenced. 
The number of grains in a carefully sampled and weighed 
osition were counted to obtain an estimate of the weight of 100. 
rains. 
A large sample of the produce from each plot was ground 
in a Christie and Norris mill, and duplicate sub- samples were dried 
vernight/ 
overnight at 100- 105°C. to get the moisture content of the grain 
The oven dried samples were than examined for nitrogen by the 
usual Kjeldahl method. The moisture and nitrogen were calculate 
in terms of airclry and oven ry material respectively. Represent', 
tive samples of the grain were also valued each year by one or 
more seedsmen. 
For convenience in making comparisons, the analytical 
results are given both as percentages and as relative values with 
the means equal to 100. 
1929 EXpérimeñt . 
Locality. Horse Park, Boghall. 
Variety. Castleton, after a clover hay mixture. 
Experiment. 6 plots, each 8 sq.yd.; duplicates treated with 
(TTH4)2SO4 in solution at the rate of 64 lb. N/A on the 
following dates ;- 
Plot 1. 6th April; a few days after sowing. 
" 2. 9th May; plants 3 inches high. 
" 3. 7th June; plants 6 -8 inches high: no noticeable 
differences between plots. 
Date of cutting - 20th September. 
Weather. The second halves of May, June and July were very dry 
with some fairly high temperatures in July. The first half 
of August was cool and wet and a prolonged spell of warm dry 
weather did not come until September. 
Valuation of grain. Estimates of the relative values of repre- 
sentative samples from the six plots, by different seedsmen, 
were not in agreement; all the samples were assessed as of 
good milling quality and valued at about 21/- 2:3d. per 
quarter. 
Results. Plots 
Wt. in g./100 grains i 3.02, 3.12 3.02, 3.03 3.07, 3.0 
Per cent. moisture 110.75, 10.58 10.86, 10.73 10.63, 10. 
Per cent. 7. . 1.4, 1.61 1.59, 1.75 1.52, 1.7 
Conclusions. The differences, due to treatment, in grain weight 
and per cent. nitrogen are sometimes less than the variation in 
duplicate plots, and a critical analysis of the data is valueles 
There is a suggestion that the moisture content is lowest in the 
case of the grain from plots.3, but the number of results is 
insufficient for any precise statement to that effect. 
This preliminary experiment indicated that (a) the 
rate of application was too small or (b) the time intervals 
betwee i applications were too short or (c) the soil was relative 
rich in available IT after the clover or (d) the season was euch 
as to repress the effects of the dressings. The dressing of 
nitrogen was already more than could reasonably be recommended i" 
practice, and it was felt that the lack of response might- be 
attributed to the shortness of the plants at the beginning of 
June and the prolonged period of growth. 
1930 Experiment. 
Locality. March Par'_, Bo`hall. 
Variety. Sandi- oats. 
Experiment.' T4 - 4 l at 
- - - -- e c i, z of 4 - - ; treatment 
60 lb. IT per acre as TTa703 applied iï! solution as follows:- 
Plots A. 28th April, plants 3" high. 
T 
Plots B. 20th May, " 5n "A"plots markedly ^dva,c-ed. 
Plots C. '', : " l':" ' C, (7,11 r, ,_ . ,, p^ ú.-v.- a_ --- - _ - -. ....., 
compared C and D. 0H the 
30th June Plots D were very pale in 
colour and lagging far behind. 
Plots D. ITo trsane lt. 
Date of cuttin,- "  - .ah S eptcer. 
Weather. The second half of May and the first halves of June and 
July viere very dry :.ith some fairly high temperatures: the 
second half of August had two periods of high rainfall and 
temperature, while the beginning of September was dry and 
warm. 
101 
Valuation of grain. All the samples from different treatments 
were assessed as of first class milling quality or second 
class seed and valued at 17/6d. per quarter. 
Results. 
Sta dard 
Plots A B C D Mean Er or. 
`iight in g. of 3.75 3.35 4.01 3.85 3.86 0. .2 
-100 grains 97.1 99.8 103.9 99.2 100.0 1. 8 
Percentage 10.86 9.93 9.61 10.47 10.23 O. 89 
Moisture 106.1 97.6 93.9 102.4 100.0 1. 
Percentage 1.87 1.99 2.00 1.79 1.91 0. 2 
Nitrogen 93.4 104.4 105.1 93.9 100.0 1. 
Conclusions. In each of the three determinations the effect of 
treatment is undoubtedly significant. The analyses of variances 
are given on p.125 and an example of the complete calculation 
for a Latin Square experiment on p :126 . The significance of 
the differences between treatments has been examined by the z 
test. It will be seen that in the case of both grain weight and 
,noisture,the ratios cf the mean square for treatments to the mea 
square for errors would be exceeded by chance in something less 
than 5 per cent. of trials. In the case of nitrogen, chance 
would allow z to exceed 1.14 in 1 per cent. of trials and the 
observed value is 1.33 and clearly significant. 
It is now possible to compare the effects of the 
different treatments, differences between the results greater 
than about three times the standard error being regarded as 
quite significant. 
(a) grain weight. The average grain weight from C plots, 
receiving the latest dressing, is significantly above that of a11 
other plots; and that from B plots, receiving the second dressin 
might be regarded as significantly greater than that from plots 
A receiving the early dressing. 
(b) Moisture,/ 
lC? 
(b) Moisture. The moisture content of the grain from plots C is 
significantly less than that from plots A and D; and the grain 
from plots B has a moisture content significantly less than that 
from plot A. 
(c) Nitrogen. The early application of nitrogen, plots A, has 
effected a significant increase in the nitrogen content of the 
grain over the °untreated plots D; the later dressings, plots C 
and B, have effected a still further increase over plots A. 
By way of summing up the evidence from this experiment 
it may be said with confidence that a. dressing of nitrogen, in 
the form of sodium nitrate, at the rate of 60 lb. N per acre, ha 
increased the nitrogen content of the grain and that this increa -e 
is greater when the dressing is delayed from the end of April to 
the beginning of June. The later the time of application of the 
nitrogen up to the 10th June the greater the weight of the 
individual grains and the lower the moisture content of the 
grain. 
These results were regarded as being of considerable 
practical importance, but since they might have been influenced 
by .variety or soil or season and since the dressings of nitrogen 
were probably greater than the average farmer would dare apply in 
practice, it was decided to carry the investigation a stage fur- 
ther. It was desirable (a) to confirm the effect of 60 lb. N as 
sodium nitrate applied when the plant was more than 6 inches high 
(b) to test the relative effeciency of ammonium sulphate and 
sodium nitrate, (c) to examine the influence of a smaller dressin_ 





4xperiment. A 5 x 5 Latin Square, each plot 4 sq.yd., dressings 
of/ 
_- 
of nitrogen applied in solution; the untreated plots 
receiving water. only. 

















" ; 60 lb. nT/[; tt N3T103 
Date of cutting, 5th October. 
eather. The sum =:er of 1931 was abi ormclly wet, ther3 loei :T ' very 
heavy rains durin,7 th;. fir =t half of Ju e and throughout 
August . The result, was that nearly all the plots were badly 
twisted and laid and were still rather greed at the begin- 
ning of September. The adjoining area, which had: received 
no nitrogen, seemed to ripen rather sooner than the plots, 
but it had also lodged badly. Although the grain was 
ultimately obtained in fairly good condition, the idea of 
weighing the crop had to be abandoned. 
Valuation of grain. No appreciable difference could be discerne 
between representative samples, which were all classed as o 
good average milling quality. 
Results. A complete statement of the.figures for nitrogen toge- 
ther with the statistical analysis of the results are given 
on pp.126. Only a brief summary of all the results is given 
below. 
Plots A B C D E Mean. Er 
Sta ard 
r 
Weight in g. of 4.12 3.79 3.55 3.31 3.68 3.35 0. 9 
100 grains 105.3 98.4 99.8 99.0 95.5 100.0 2. 5 
Percentage 12.75 12.52 12.62 12.53 12.70 12.62 0. 
Moisture 100.9 99.2 100.0 99.3 100.7 100.0 
Percentage 2.27 2.28 2.33 2.31 2.52 2.34 0. 
Nitrogen 96.9 97.2 99.5 98.5 107.7 100.0 





for treatments and 12 for errors, chance will allow the ratio z 
to exceed 0.844 in 1 per cent. of trials and 0.591 in 5-per cent 
of trials. In the case of grain weight, the observed value for 
z is 0.574 so that the effect of treatment is barely significant 
At the same time it is noteworthy that the value for plots A 
exceeds the values for each of the other plots by three times th 
standard error, and the test may be regarded as valid for the 
contrasts which the experiment was designed to test. It may be 
said, therefore, that the early dressing of ammonium sulphate 
produced a heavier grain than either the late dressing or the 
sodium nitrate. 
There has been no response to different treatments in 
the case of moisture, the mean square for treatments being 
actually smaller than that for errors. In spite of the low 
standard error, the different values do not depart materially 
from the general mean. 
In the case of nitrogen, the observed z value is 0.901 
which would be exceeded by chance less than once in a hundred 
trials and is therefore undoubtedly significant. Apart from plot 
E, however, the average values do not differ materially. 
To sum up the results of the experiment, therefore, it 
could be stated that the early dressing of ammonium sulphate 
produced the largest grain weight while the late double dressing 
of sodium nitrate effected an increase in the nitrogen content of 
the grain. The results were not nearly. so definite and important 
as those obtained in the 1930 experiment and the lack of agreemen 
between the two sets of data was rather disconcertinc. The lack 
of response to the late smaller dressings of nitrogen could in 
part be attributed to the fact that even the early dressings 
showed no response in the percentage of nitrogen in the grain. 
Fills may be related to the abnormally high percentage of nitrogen 
in/ 
in the grain. Although the comparison is not quite valid, it 
might be mentioned that a representative sample of grain_taken 
from the untreated area surrounding the plots contained practi- 
cally the same percentage of nitrogen, viz. 2.28, as plots A and 
B: for the sane sample, the weight of 100 grains was 4.14, again 
similar to the average value for plots A, but the moisture con- 
tent. of the grain was only 12.23 which was very much less than 
the mean for all plots. As previously mentioned, the season was 
an abnormally bad one for grain crops, and the twisted and lodge 
condition of the crop towards the end of summer was not conduciv 
to a satisfactory completion of the experiment. In surveying th 
results, therefore, there was a tendency to lay emphasis upon th 
seasonal factor . and the highly fertile condition of the soil. 
No definite conclusions regarding the susceptibility of the crop 
to lodge under different treatments could be arrived at for the 
simple reason that in the summer 1931, nearly all crops suffered 
severely, but in view of the feeling prevalent in many farming 
areas that a late dressing: of nitrogen would naturally retard 
ripening and increase any tendency to lodging, it was decided to 
carry out a simple experiment on a larger scale in 1932. 
1932 Trial. 
Locality. Boghall Experimental Farm. 
Variety. Yielder. 
Experiment. This consisted of four s acre plots on which 
fertiliser was broadcast as follows :- 
Plot 1. 7th June; plants 6 -9" high; 23 lb. N/A as(Prñ4) 2504 
" 2. ; no treatment. 
" 3. 23 lb. N/A as (N1I4)2SO4 + 2 cwt. super phosphate/A 
" 4. It " n " n It n n 
Date of cutting, 29th August. 





the crop was barely so ripe on plot 1 as on the others. 
This might have been due to the fact that, although the 
nitrogen was applied on 7th June, there was no rain until 
three weeks later so that the nitrogen could - scarcely have 
exerted 
. 
any influence before the end of June. July was 
warm with the rainfall well distributed, while the middle of 
August was dry and warm. There was little apparent differ- 
ence in the length of straw which, generally speaking, was 
short. 
Valuation of grain. All four samples were regarded as of good 
milling quality and valued at 13/- per quarter by seed 
merchants. 
Results. 
Plot 1 2 3 4 
'Height in g. of 100 grains 4.07 3.92 4.17 3.98 
Per cent. moisture . 13.27 12.81 12.76 12.21 
Per cent. nitrogen 1.89 1.67 1.66 1.60 
Conclusions. It is, of course, impossible to stress any dif- 
ferences which exist between the above values for different plot 
for there is no available estimate of normal variation over the 
field. The experiment, in fact, was not intended to be more that 
a _jualitative test of the effect of a late dressing. of nitrogen 
on maturity and extent of lodging, .and the season was ti'.:.ch that 
the inforLlation desired was not forthcominrgg. However, if account 
is taken of the f,ct't'. t plots 3 and 4 were duplicate plots, not 
ad ,loini :_g each other, somme idea of the range of variability is 
available. With earlier values for standard error in mind, it 
might than be said that, in all probability, `.he late dressing 
nitrogen has increased the nitrogen content of the grain. The 
increase is actually of the order of 10 -15 2er cent., but natural 
Cannot be stated precisely. 
It was obvic,o that the question merited still further 
106 
i Ylocv4-4 
investigation-and in 1933 it was decided to continue with 
dressings of about 1 cwt. ammonium sulphate per acre and contrast 
a late dressing with an early dressing and with no dressing. An- 
attempt to obtain an estimate of yield was also decided upon in 





Experiment. The experi17ent was carried out on two sets, A and B, 
of randomised blocks, each set having previously consisted 
of five large plots which had been variously treated since 
1929 with sulphur or calcium hydroxide in a study of the 
effect of soil acidity upon various crops. Details of these 
treatments will be found on p.2.7 . Each of these large 
plots was subdivided into three equal plots of 3 sq.yd. to 
give 5 blocks of three plots in each set. The treatments 
(1) nil?(2) dressing at time of sowing)(3) late dressing, 
were randomised in each block. Hence there were three treat 
rents repeated five times in each set. On account of the 
artificial variation in soil acidity, the blocks were not 
exact replicates, but, as will be shown later, the effects 
due to acidity were negligible. The nitrogen was carefully 
distributed by hand in the form of ammonium sulphate. 
Set A, 19th April; oats sown; plots 2 received 4o lb PIA. 
, 7th June ;. plants 12 -13" high; plots 3 received 40 1 
Set B, 17th April; oats sown; plots 2 
" 7th June ; plants 12-18" high; plots 3 
,eat'rer and General Remarks. On the 7th June, after a period of 
moist weather with steadily rising temperatures, plots 2 wer 
markedly advanced both in bulk and colour. At the end of 






and the plants were much taller on plots 2 than on plots 3.. 
This same state of affairs still held good at the.middle of 
July, after periods of hot weather, when it was further 
obserted that Set A generally was yielding a better crop 
than set B. That was expected to a certain extent since, in 
1932, the plots of set A yielded a good crop of beans while 
those on set B were fallowed. Heavy rains towards the end 
of July were succeeded by a fairly dry, warm spell, and at 
the beginning of August the crop in set B was standint well 
and ripening fairly evenly while the crop in set A was sohe - 
what twisted and laid in places, usually, but not invariably 
on plots 2 and 3. The crop was cut on the 23rd August and 
it was definitely riper on set B than on set A, but not so 
heavy; as revealed by the following table on plot yield, the 
crop wa.s much lighter from plots 1 than from plots 2 and 3. 
Valuation of grain. Representative samples of the grain from all 
the plots 1, 2 aad. 3 in each set were submitted as usual ford 
valuation by seedsmen and they were valued at 16 /- per quart r. 
Results. 
Treatment 
1 2 3 Mean S.E. 
Yield in lb. 12.4 13.9. 14.6 13.63 0.72 
Grain wt. in g/100 3.23 3.03 3.06 3.11 0.08 
Set A 5 moisture - 11.55 11.61 11.70 11.62 - 
5 nitrogen 1.39 1.99 2.05 1.93 0.02 
(rel.) 95.5 100.5 103.5 100.0 1.08 
Set B 
Yield in lb. 9.4 10.7 12.2 10.73 0.45 
Grain wt. in g/100 3.14 3.14 3.30 3.19 0.05 
`' moisture 11.72 11.79 11.68 11.76 - 
5 nitrogen 1.80 1.85 1.97 1.90 0.01 
(rel .) 98.4 97.9 104.3 100.0 0.99 
Conclusions. (a) Yield. Throughout the season plot 3, in block 
5 of set B, was much inferior to all the others, due, it was felt 
partly to unsuccescfil seeding and. partly to the activity of mice 
The actual yield of straw and grain from the plot was only 8 lb. 
and/ 
and obviously so abnormal that it was substituted by the figure 
13.56, calculated from the remaining 14 values in the set 
shown on p. 129. The experimental error involved in harvesting 
and weighing the produce from such small plots was necessarily 
large, but in both sets the treatment with nitrogen has effected 
an increase in crop yield, and, in set B, the late dressing has 
given a.greater yield than the early dressing. The relative 
yields of straw and grain were not measured. 
(b) Grain weight. The effect- of nitrogen, either as an early or 
as a late dressing, on the grain weight are negligible and the 
same may be said of (c) moisture content. 
(d) Nitrogen in the - grain. The effects 'of the applications of 
nitrogen on the nitrogen content of the grain are quite clear. 
The early dressing has brought about an increase in set A but not 
in set B; the late dressing has increased the nitrogen content 
over the early dressing in both sets. The lack of response to 
the early dressing i:1 set B is rather surprising in view of the 
observations made during the growing season and mentioned above. 
It was fully expected that the responses to both early and late 
dressings would be more marked in B than in A. The darker colou 
of the crop in plots 2 in June was evidently misleading for, 
although it eventually led to an increase in percentage nitrogen 
but no definite increase in yield in set A, it meant an increase 
in yield but no increase in percentage nitrogen in set B. The 
ultimate effect, namely an absolute gain in nitrogen, was, of 
course, the same in .both cases and only what might have been 
expected under ordinar- conditions. There was undoubtedly a 
greater response to the late dressing in set B than in set A, 
and that is possibly related to the fact that the percentage of 
nitrogen in the grain was lower throughout in set B. The increa -e 
in crop yield, in addition to the increase in nitrogen content of 
the/ 
the grain, as a result. of the late dressing, is of considerable 
importance since it is generally recognised that an early dressing 
tends to i._crease the ratio of straw to grain. It establishes, 
for the particular conditions of the experiment, the value of 
delaying the application of nitrogenous fertilisers until the 
crop is about knee high. 
It is desirable at this point to deal with the influence 
of the variation ir/soil acidity on these results. The average 
pH figures for the; blocks during the ;period Aril to Aug_ st 131 
ero as follows .- 
Block 1 2 3 4 5 
Set A 4 :37 23 5.72 6.19 7.30 
Set B 5.06 5.43 5.95 6.13 6.55 
The complete sets of experimental data are given on pp. 129 in 
t'he st;:tistical treatment of the results. It .:ill be observed 
that in every case the block "mean seuare" and error "mean square 
are substantially the same, indicating that there are no real 
"bloch" differences; that is to say, the effects of differences 
in soil acidity are within the limits of sampling error. In this 
respect the results differ from those quoted b y Hansen (15) and 
Nehring (21a) . The latter obtained a 10 per cent. increase in 
yield and an 8 -15 per cent. increase in nitrogen content by 
raising the pH of an acid soil from 5.2 to 7.9 with additions of 
lime. Mix (20), on the other hand, submits evidence that lime 
increases the nitrogen content of the grain but reduces. the yield 
Nehring also found that the moisture content of the grain 
flE 
increased with increase in the pH value of the soil. It is 
extremely probable, however, that greater responses to liming 
would in general be obtained with such an acid, humus -poor, 
ineral soil as he used in his pot experiments than with the well 




It has been shown by Stith and Robertson L27 that the p o 
yields for crops of barley, potatoes and clover hay on these 
particular sets of plots in preceding years did not vary much 
from the mean; but that with an acid infertile soil the response 
in yield and composition of crops to liming were very lame. In 
a later paper, Tehring states (21b) that the nitrogen intake of 
oats in various acid soils was only slightly influenced by pH. 
As a result of a large number of field experiments in Sweden, 
o 
Aslander (2) concluded that, even with barley, the yield depende 
more upon soil conditions, cultivation, etc. than upon acidity, 
if the pH was somewhere between. 5 and 8. The literature on the 
subject of soil acidity and crop yield is very extensice and, 
judging by the diversity of opinion expressed, it is obvious 
that acidity alone is usually of secondary importance and-that . 
the general character of the soil, the crop and the season play 
a much more important part. Roberts (24), for example, has 
drawn attention to the large seasonal variations in crop yield 
in Wales, which cannot be correlated with total rainfall or 
accumulated temperature and demonstrated that it is a very 
complex problem. 
The above results, taken in conjunction with those of 
the previous four years, seemed to dispel any dot,bt that a 
valuable increase in the protein content of oats could be secure 
under favourable conditions with only a minor alteration in farm 
practice. There still remained some doubt, however, regarding 
the effect on harvest operations, for the field experiment 
designed to test this point in 1932 was inconclusive as a result 
of the particularly early harvest. It was decided, therefore, tc 
lay down trials in 1934 on a field scale at different localities 
with the primary object of securing further information on the 
effects of delaying the application of nitrogen on the ripening, 
susceptibility to lodging and general conditions at time of 
cutting.; 
cutting. It was also felt that the places chosen should be in 
"late" rather than "earl' districis so that the test should be 
as severe as possible. 
1934 Trials. 
Trials were arranged in four} places and the experimen- 
tal details and observations are given below. 
Place Boghall Cocklaw Bands Mains Crookston' 
Elevation 600 ft. 350 ft. 650 ft. 730 ft. 
Previous crop Grass Roots Grassland Potatoes 
Variety sown Yielder Victory Yielder Yielder 
Dressing in lb N/A 2 17 23 23 
Late dressing on 31st May 25th June 25th June 26th June 
Time of cutting 23rd Aug. 16th Aug. 30th Aug. 27th Lug. 
The fields were sown as usual aA strips of to 
2 
acre 
in size were marked off. In each case the nitrogen was applied 
in the form of ammonium sulphate. 
At Boghall (a), two strips received nitrogen at the 
time of sowing (29th March) in addition to 2 cwt. per acre of 
superphosphate; other two strips received the same amount of 
superphosphate at seeding-, time and the nitrogen two months later. 
As the growing season advancad2 it looked as if the early dressing 
was producing taller stems and this was confirmed whea the crops 
were cut. At the end of July, the general opinion was that the 
crop w1lich received the early dressin- was also ripening rather 
sooner but, at the time of cutting, the difference was not note- 
worthy. There was a little lodging but that was confined to the 4 
areas which received the early dressing, probably on account of 
the longer straw. Samples were taken iraluediately after cutting 
from each of the four strips. 
At Cocklaw (near Currie) (b), one strip reosived a 
dressing of mixed fertiliser (oontaininc, 2 ewt. super phosphate, 
cwt. arnnonium sulphate and 1 cwt. 0 pe' otnt. potash salts) at 
112.. 
the rate of 3 cwt. per acre. To a second. strip the nitrogen was 
not applied until the end of June. On the 5th June the crop was 
thin and no response to the early dressing was noticeable. When 
harvest commenced, the area which received the late dressing was 
not quite so ripe as the other but the difference was negligible 
and did not affect the time of cutting. There was no lodging. 
Two independent samples were taken from each strip just before 
cutting. 
At Baads Mains (near West Calder) (c) the whole field 
received 2 cwt. superphosphate and 1 cwt. 30 per cent. potash 
salts per acre before sowing and all except one strip received 1 
cwt. ammonium sulphate per acre at time of brairding (11th i,:a y) . 
One half of the strip received no nitrogen, the other half a lat 
dressing. On account of heavy rains, large areas of the crop 
were laid quite irrespective of the treatments, although it 
seemed as if the area which received no nitrogen had suffered 
least . The ripening was al so patchy and no definite difference 
could be ascribed to the time of applying the nitrogen. Samples 
were taken from the areas of "no ", "early" and "late" applica- 
tions of nitrogen the day before it was proposed to cut. 
At Crookston (d), the field, except on two strips, 
received 1 cwt. ammonium sulphate at sowing time. One strip 
received the same dressing v,hen the corn was about 18" high; the 
other strip received no nitrogen. In the early part of the 
season, the crop on these strips was noticeably lagging behind 
that on the rest sf the field and at cutting time the straw on 
the "early" nitrogen parts was definitely the tallest. There 
were,however, no apparent differences in the degree of ripeness 
as a result of the different treatments. Certain areas had 
lodged badly, but they occurred quite irregularly and bore no 
relation to treatment. The grain on the "no ", "early" and "late" 
nitrogen areas was sampled just before cutting. 
)E3- 
Weather and Observations. Season 1934 was again an 
"early" one for harvest, although not "early" as 1933 on 
account of the rather unsettled weather after the beginning of 
August. On the lower ground the straw was generally short on 
account of the dry spell in June and July but on the higher 
ground, and particularly at the places where the above trials we e 
conducted, the straw was quite normal in length so that the heav 
rains in August provided a good test of the liability of the cross 
to lodge as a result of a late dressing of nitrogen. It can 
confidently be stated that where lodging took place it was quite 
independent of the time of applying the nitrogen or occurred on 
the areas which received an early dressing and which usually 
carried a longer straw. The late dressing did undoubtedly show 
a tendency to delay the ripening but at none of the places con- 
cerned was it considered by the farmers to be of any co ìsecjuence 
Results. The results obtained in the analyses of the 
samples of grain are summarised below. 
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Conclu.,io ns. The natr,re of the e:Tern:lonts preciu o 
any statement on the precise response to treatment. In these 
cases where duplicate field samples were ta__en the äiffer:ces 
between duplicates were less than the differences due to treat- 
ment and it is permissible to draw soue g neral co.lclusions. mh 
.r 
"4. 
figures for grain weight and moisture content are again wite 
lrrn7ular, but the figures for nitrogen tend to confirm ZreV1.01.25 
observations. In each case the nitrogen content of the grain is 
increased by del-E.:yin: the application of fertiliser. In the case 
of Cocklaw, the very large increase is similar to that obtained 
at Boc:hall in 192 be associated Tith ths 
crop porcenta7e of nitro7on in the :rain. In the 
other three Cases, the increases are of the sìr.:1;,- order as those 
previously obtained. 
General Discussion of Results. 
in the last five of the six years' experimentsIthere 
has been fairly conclusive evidence that a late application of 
nitrogen to the crop\produces aa important change in the compo- 
sition of the cram. The first experiment was essmtially a 
preliminary trial and. the results do,' not carry so much weight as 
the others. There seems to be some justification for assuming, 
therefore, that it is cuite possible under field conditions to 
increase .the emount of nitrogen in the grain of oats and so 
increase its feeding value. The economic and practical aspects 
of the question remain to be examined. 
(a) The effect upon the other constituents of the rrain. Since 
the chief constituent of the grain consists of carbohydrates, a 
small percentage differedce due to in increase in crude protein 
is of little or no account. The "ether extract", however, is of 
considerable importance in the feeding value of oats and a 
sensible reduction in this would offset the advantage of an 
increase in protein. No determinationsof the fat were made but 
Mix (20) has shown that there is no relationship between the 
nitrogen and oil in oats. With respect to grain weight, the 
effects of nitrogen are not consistent. In 1930, nitrogen 
increased the grain weight add the increase was greater the later 
the application of fertiliser. In the other five years the results 
ommilmjw re/ 
were quite indefinite. Berry (3) showed that there was no 
connection between the size of the kernel and its nitrogen 
coate_it and, in the case of barley, Russell aed Bishop (25) 
produced evidence that there was no response in corn weight to 
early or late nitrogenous dressing. ericke also found (13) 
that the size of the grains cf wheat, oats and rye, as indicated 
by the weight of 100 kernels, was not markedly affected by the 
addition of nitrogen at various stares of plant growth. The 
market value of grain is undoubtedly related to "bushel weight ", 
but there seems to be no reason to believe that it would be 
affected by the treatment required to iacrease the percentage of 
protein, and when the grain is intended for feeding purposes 
"bushel weight" becomes of secondary importance. 
('o) The effect upon ripening and lodging. In the earlier plot 
experime:nts,no definite conclusions could be formed on the 
influence of the fairly large dressings of nitrogen on the ripen- 
ing of the grain, and any lodging that occurred did not seem to 
be related to treatment. In the last three years, ripening did 
seem to be delayed somewhat by the late dressing, but the har- 
vests were early and the effect was regarded as of little 
importance with an oat crop. In 1932, the straw was short and 
there was no lodging. In 1933, the straw was fairly long and a 
certain amount of lodging took place but on quite unrelated 
areas. In 1934, the trials were designed principally to test 
this question more thoroughly and the results have al ready been 
fully discussed. 
(c) The effect on yield. With respect to this question, figure 
were given in the 1933 experiment which showed that the delayed 
application of nitrogen increased the total yield of straw and 
grain. Reliable conclusions could not be based on the results 





until the crops are thrashed. The point is an important one - 
because there could be little justification in attempting to 
increase the protein content if the yield of grain were markedly 
reduced. The effect of nitrogenous fertilisers on crop yield 
has been studied in many investigations, but there seem to be no 
data on the relative effects of early and late dressings except 
the following, reported in the "Notes from Craibstone" appearing 
in the April issue of the Scot. J. Aerie. 1932. The plots 
received 1 cwt. aemonium sulphate per acre (1) when the crop was 
d 
sown, (2) when the crop braid and (3) three weeks later. The 
yields of grain were respectively 21.2, 22.0 and 20.3 cet.; the - 
yields of straw 42.2, 44.5 and 35.1 cwt. These results "are in 
agreement with previous trials, and indicate that a late applica 
tion of nitrogen is less valuable than when applied earlier ". 
Although the decrease in yield of straw seems to be fairly 
definite and agrees with observations made in the above 1934 
trials, the yields of grain are essentially the same. It may, 
therefore, be assumed, meantime, that the yield of grain is not 
seriously affected by time of dressing shat the value of delay- 
ing the application for the purpose of increasing the nitrogen - 
content of the grain would seem to be established. 
(d) The type and amount of nitrogenous fertiliser. Several 
studies on the nutrition of the oat plant have dealt with the 
source cf nitrogen. In his investigation, previously mentioned, 
Gericke (12) found certain minor differences between the effects 
of sodium nitrate and ammonium sulphate: they were principally in 
the yield of dry matter and most likely due to the time required 
for the nitrification of the ammonium salt. Stahl and Shiva (23) 
observed that, in culture solutions, the rate of absorption of th 
ammonium and nitrate ions reached their respective maxima at the 
early stages and blossoming stages of the growth of the oat plant 
lAlthough/ 
Although their results would not necessarily apply to soils, 
they suggest that the relative effects of sodium nitrate and 
ammonium sulphate in the field would not differ materially, for 
under warm,. moist conditions the ammonium ion is rapidly con- 
verted into nitrate. A spell of dry weather mi.rht, however, 
delay the effect of ammonium sulphate. Krüger, ? inaaier and 
Lú'decke (18) compared various nitrogenous fertilisers and found 
that increased grain yields and nitrogen uptake by the grain 
varied in the sarna direction in the order NaNO3 7 NaNO3 +(NHá)2SO4) 
NH4 ?T03; but, on the other hand, Nehring (21b) found that the 
nitrogen intake from different sources wss approximately the 
same. 
In the series of experiments under consideration, only 
sodium nitrate and ammonium sulphate were used and only in 1931 
were their relative effects compared. On that occasion there was 
no significant difference between the effects of the tno salts 
when applied at the same time and supplying equal amounts of 
nitrogen. The smaller dressings, equivalent to 30 lb N per acre, 
did not affect the nitrogen content of the grain, the significan 
response to the nitrogen resting solely in the late double 
dressing. Iî 1930, 60 lb N per acre as sodium nitrate also gave 
very marked responses but in 1'32, 1933 and 1934 definite 
responses were obtained with from 17 to 40 lb N 2er acre as 
ammonium sulphate. These -.aree the two fertilisers most commonly 
used in this country for top dressings and, although sodium 
nitrate nay_give a quicker response, ammonium sulphate is a much 
cheaper source of nitrogen and its delayed action may be regarde . 
as an added advantage when the object is to postpone the effect 
of the nitrogen. 
With regard to the quantity of nitrogen which is 
required to produce the desired effect, it is necessary to keep 
in/ 
I I S. 
 
in mind what could be employed in practice without interfering 
seriously ..ith the maturition of the crop. From the data 
available-it would appear t'__at in a "late year ", like 1929 or 
1931, when the crop matures slowly and may be subject to se "rictus 
lodging on account of heavy rains, only a lame dressing would 
exert an effect. In other words, a normal dressing cf 1 to 2 
cwt . of ammonium sulphate, such as a farmer would not hesitate 
to apply, would be of no avail because the climatic factors 
would predominate. It is possible, of course, that the rather 
fertile soil on which the 1931 experiment was conducted also 
exerted an important influence, so that it is not safe to draw 
definite conclusions. When "early years", such as 1932, 1933 
and 1934, are considered, on the other hand, the effects of from 
17 to 40 lb. nitrogen per acre are quite striking. In many case 
a dressing of that amount is commonly given at the time of sowin 
and could easily be delayed for 8 or 10 weeks without incurring 
additional expense in fertiliser or labour. Fúrthermore, the 
delay would give the grower an opportunity of deciding if the 
application of nitrogen ',:as necessary or desirable to improve 
the tillering. 
(e) The economic aspect. It appears, from seedsmen's valuations 
that any differences in the nitrogen content of the grain are not 
apparent in its 'appearance and that they can only be assessed by 
chemical analysis. For the sake of simplifying the comparison of 
the results, as far as they concern nitrogen content. of the grain 
they are summarised below in tabular form, the nitrogen being 
expressed as a percentage of the mean in each experiment. 
The/ 
Year 
The effect of nitrogenous fertiliser on the nitrogen 
content, of the , -rain. 
Dressing None Early Second Late S.E. Diff. due to 
in lb. N delaying .f 
per acre dressing. 
1929 64 - 98.0 loo.6 100.6 - + 2.6 
1930 6o 93.9 98.4 104.4 105.1 1.50 + 6.7 
1931 3o 97.2 - 96.9 99.5 1.22 + 2.6 
60 97.2 - - 107.7 1.82 
1932 '23 97.6 95.3 - 110.5 - +15.2 
1933 4o 95.5 100.5 - 103.5 1.08 + 3.0 
it 4o 98.4 97.9 - 104.3 0.99 + 6.4 
1934 (a) 23 - 93.6 - 101.4 - + 2.8 
(b) 17 - 92.5 - 107.5 - +16.2 
11 (c) 23 98.0 99.o - 102.7 - + 3.8 
" (d) 23 100.9 96.9 - 102.1 - + 5.3 
Although there must be some doubt about the signifi- 
cance of the differences in 1929, 1931, 1932 and 1934, the fact 
that the change is always in the same direction lends weight to 
the general conclusion regarding the effect of a late dressing. 
For the sake of obtaining an estimate of the possible value of 
the response,,àn average of the ten values, excluding the two very 
high ones, has been taken. It indicates that the average per- 
centage increase in the nitrogen content of the grain, as a resul 
of merely delaying the application of fertiliser from time of 
sowing until the beginning of June, is about 4.2. Since the 
average percentage of nitrogen in the ' grain was 1.91 in those 
seasons under consideration, the average increase in the actual 
percentage of protein was 4.2 x 1.91 x 100 = 0.50 (assuming that 
100 16 
the crude protein contains 16 per cent. of nitrogen). 
It is now possible to express that gain of.protein in 
terms of shillings per ton of foodstuff on the basis of the farm 
value of oats as given monthly in the J. Min. Agric . In August 
1934 (16), the cost per unit protein equivalent, calculated from 
imported barley, maize, decorticated ground nut cake and decorti- 
cated cotton cake, is 0.87 shillings. An increase of 0.50 per 
cent/ 
cent. protein is, therefore, equivalent to .5C >< .S7 shillings 
per 100 lb. oats or nearly 10/- per ton. Since the food value 
per ton of oats is about is, the increase is equivalent to 10 pex 
cent., a figure which must be regarded as of considerable 
economic importance. 
This is really a very conservative estimate for, 
although the co:rmon conversion factor of 6.5 for crude protein 
is probably too high for cereals, the figure of 0.87 shillings 
per unit protein equivalent is the lowest for a long time: the 
farm value of oats has been fairly constant for the last 13 mont 
but the price of starch equivalent has slightly increased recentl 
whilst the price of protein equivalent has fallen very rapidly, 
so that it is now less than half of what it was in August 1933. 
An estimate of the monetary value of any food constituent is 
always determined by current market prices of foodstuffs, how- 
ever, so that the figures given above 'cannot be otherwise 
expressed. Even at the present low value of plant protein they 
seem to merit the attention of the farmer who grows an oat crop 
for home consumption. They also add weiht to a recent suggestio 
(Hill, D.D., J. Amer. Soc. Agron. 1933, 25, 301) following upon 
a study of nearly 50 varieties grown in two years, that "protein 
testing of feed grains might be worth while" for the feeding 
value, as expressed by total and individual digestible nutrients, 
is frequently "not reflected in the statement of grade". 
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SUMNARY . 
In a series of experiments and field trials extending 
over six growing seasons, a stúdy has been made of the possibili 
of increasing the,- protein content of oat grain without inter- 
fering seriously with normal farm practice. A considerable vari 
of climatic conditions has been experienced in these seasons, so 
that the results taken as a whole are probably relatively 
independent of the variation in weather commonly met with in the 
East of Scotland area. 
The method adopted has been to delay the application o 
nitrogenous fertiliser as late as it was practicable to broadcast 
it on the growing crop without permanent damage. The dressings 
have varied from 17` to 60 lb. nitrogen per acre and have been 
applied as late as the third week of June When the corn was over 
13" in height. 
S".:,.ch characteristics of the grain as percentage of dry 
matter and "bushel weicht" are not affected by the time of appli- 
cation of the nitrog- -n, nor is the valuation of the grain in the 
market. Attention is also drawn to the fact that the effect on 
the food constituents Of the-grain, other than protein, may be 
neglected. Rip,enine is retarded only to an unimportant extent 
and the susceptibility of the crop to lodge is not increased by 
del ,rinc the dressing. From the available data, it y he 
inferred that, althot ; -. thn length of shy +7 is greatest when the 
nitrogen is applied. about time of brcirili :i`, the yield cf Fr :An 
y 
ty 
is not seriously affected by time cf application. 
the eni TJ 
T .c,l 
1, 
t. aLc of the method is a. possible small decrease 
in the amo_.nt, of straw: e:roduced. In ever exreri :,e nt or trial, 
hoï ever, t e reeutage of nitrogen in the grain has --en increas 
by delavino the nitrogenous dressing and a discussion of the 
results leaves little room for doubt that the effect is real and 
not / 
not accidental. 
Fror an avrage fir-are Of 4.2 for the ; e rc ent a`c 
increase in the nitro-el oo'_ît..ent of the -r:An an -1 froc the p-esa_ 
extreme'y low price of unit protein equivalent, it is shown that 
the monetary value of the change amounts to an increase of 
approximately ten shillings per ton of oats. 
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!?P PTTTDIX VII. 
Latin Square. Analyses of grain of oats, 1930. 
Variance Degrees of Sum of Mean 
due to :- Freedom Squares Square 
Grain Rows 3 .016 .0053 
Weight Columns 3 .031 .0103 
Treatments 3 .146 .0433) 0.966 
' Error 6 .042 .0070) 
Total 15 4.615 
Standard error for total of 4 plots = 4 x .007 = 0 167 
Percentage Rows 3 
Moisture Columns 3 .233 .0((6 
Treatments 3 3.586 1.1953) 1.0642 
) 
Error 6 .854 .1423) 
Total 15 4.615 - 
Standard error for total of 4 plots =/4 :.1423 = 0 
Percentage Rows 3 .101 .0337 
Nitrogen Columns 3 .074 .0246 
Treatments 3 .156 .0520) 1.378 
) 
Error 6 .020 .0033) 
Total 15 .351 
754 
Standard error for total of 4 plots =/4 x.0033 = 0.115 
z is simply 1.1513 x log. mean square fot treatment 
mean square for error 
For nl = 3, n2 = 6, the 1 per cent. point in the z table = 1.14 ( 




Latin Square. Nitrogen in grain, 1931. 
Plan. 
The letter denotes the treatment, the figure is the 
percentage of nitrogen in the oven dried grain. 
A = early dressing of' a onium sulphate at the rate of 30 lb.N p acre 
B 






'I u sodium nitrate 0 tl " " 0 ' 
n. n ammonium sulphate n II u u it It 
11 0 sodium nitrate ll a u u u I 'u 
u 
u ° 60 lb.N p acre 
Columns Total 
D A C g E 
2.53 2.50 2.45 2.43 2.90 12.31 
B E D C A 
2.28 2.57 2.21 2.37 2.33 11.76 
C B A E D 
2.29 2.24 2.23 2.24 2.27 11.27 
E D B A C 
2.5+ 2.25 2.25 2.18 2.21 11.43 
A C E D B 
2.11 2.34 2.37 2.29 2.13 11.29 
11.75 11.90 11.51 11.51 11.39 58.56 
Difference from 
working mean .10 .25 -.14 -.14 .24 
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(2) 
Treatments about a working mean of 2.33. 
B C D E Total Mean 
.17 .10 .12 .20 .57 1.16 .232 
.00 .05 .o4 .12 .24 .11 .022 
-.10 .09 .04 -.06 .09 - .38 -.076 
-.15 -.08 -.12 -.08 +.21 -..22 -.044 
-.22 .15 .01 .04 .04 - .36 .072 
Total -.30 -.27 +.01 -.10 +.97 + .31 .062 
Mean - .060 -.054 + .002_ -.020 + .194 - +.0124 
To adjust treatment totals, add 5 x 2.33 = 11.65 
Real 
totals 11.35 11.38 11.66 11.55 12.62 11.71 
(3) 
Squares of deviations from working mean. 
.0289 .0100 .01)0 .o400 .3249 .4182 
o 25 16 144 576 761 
loo 81 16 36 81 314 
225 64 1+ 64 41+1 938 
484 225 1 16 16 742 
Total .1098 .0495 .0321 .0660 .4363 .6937 
Subtract product of grand total and general mean in (1) .003844 
i.e. sum of squares of deviations for 25 plots = .689856 
(4) 
Sums of squares ascribable to :- 
Rows Columns Treatments 
1.31156 .0100 .0900 
121 625 729 
111)1)1 196 1 
484 196 loo 
1296 576 9409 
Total 1.6801 0.1693 1.1139 
Divide by 5 .33602 .03386 22278 
Subtract .0038V1V1 .003844 .o03844 
Remainder .332176 .030016 .218936 
(5) Analysis of Variance 
Degrees of Sum of Mean 2 log 
Due to :- Freedom Squares Square (MeaneSquare) 
Rows 4 .332176 .083044 
Columns 4 .030016 .007504 
Treatments 4 .213936 .054734 2.003 
Error 12 .103728 .009061 1.102 
Total 24 .689856 - 
Standard error for total 5 plots =/5 x .00906 = .213 or 1.82 
per cent. of the mean yield for 5 plots = 11.71. 
For nl = 4 and n2 = 12, the 1 per cent. point in the 3. tabl 
(1) is .844, so that the difference of .901 in the above table 





A B C D E Mean erro 
Per cent. N in grain 2.27 2.28 2.33 2.31 2.52 2.34 .21 
As 
r 
per cent. of mean 95.9 97.2 99.5 98.5 107.7 100. 1.82 
Response to double dressing of sodium nitrate quite signifi.an 
APPETDIX IX. 




1 2 3 Total 
1 14 12. 15 41.. 
2 11 15 14 4o 
3 ' 10 14 15 39 
4 12 14 16 42 
5 15 14.5 13 42.5 
Total 62 69.5 73 204.5 
Mean 12.4 13.9 14.6 13.63 
Standard error of mean of 5 plots = 0.72 but the effect of 















2 7 li 10.5 28.5 9.5 
3 10 10 11.5 31.5 10.5 
4 9 1i 13 33.0 11.0 
5 11 12 (8) 23.0 
Total 47 53.5 (47) 147.5 
Mean 9.4 10.7 
According to Yates (2), the calculated value for block 5 treatmen 
3 is x _ g(3 x 47 + 5 x 23 - 147.5) 
= 13.56 
Substituting that figure for 8, the treatment means become 
9.4, 10.7 and 12.1 and the standard error of the mean of 
5 plots is 0.45 
y the z teat the treatment has exerted a significant effect. 
12? 
Randomised Blocks. Nitrogen in grain, Set A, 1933. 





1 1.89 2.06 2.02 5.98 1.99 
2 1.91 2.03 2.08 6.02 2.01 
3 1.81 1 98 2.01 5.80 1.93 
4 1.93 1.92 2.05 5.90 1.97 
5 1.93 1.95 2.09 5.97 1..99 
Total 9.47 9.94 10.25 29.66 9.8876 .106 
Mean 1.89 1.99 2.05 General Mean, 1.9775 
Per cent. 95.5 100.5 103.5 100.0 1.07 
Deviations from working mean = 1.98 
1 -.09 .08 .04 .03 
2 -.07 .05 .10 .08 
3 -.17 o .03 -.14 
4 -.o5 - .06 .07 -.o4 
5 -.05 -.03 .11 +.03 
Total -.43 +.o4 +.35 - 04 
Mean -.086 +.008 +.070 General mean, -.0027 
Grand total x general mean 
Total sum of squares of deviations 
= .000,1 
= .0898 
i.e. Sum of square of deviations from General Mean = .089,6 
Blocks 
Sum of squares of 5 totals 
Treatments 
_ .0303 ;Sum of squares of 3 tota s = .3090 
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Each 3 plots, i.e. divide by 3 = .0101 IlEach 5 plots, i.e. divid 
Subtract .00010'4 Subtract 
Remainder = .00999 remainder 
Sum of squares ascribable to 
error = .089693 -(.009993 + .061693) 
= .018007 
by 5 = .0618 
.000107 
= .061693 
Analysis of Variance. 









1. Blocks 4 .009993 .002493 .4555 
2. Treatments 2 .0616ß3 .030847 1.714 
3. Error 8 .018007 .002251 .4060 
Total 14 .089693 
For ni = 2 and n2 = 8, the 1 per cent. point in the z table = 1. 
Hence the value 1.303 for treatments is clearly significant. 
Standard error of single plot = .002251 = .0475 or 2.4 per cent. 
" total of 5 plots = .011255 = .106 or 1.07 pe cent. 
Alth',u h the block "mean sgi.zare" has accounted for a sub- 
stantial amount of the soil heterogeneity, it is little more tha 
the error "mean square ", so that the influence of blocks is not 
greater than sampling error. 
Nitrogen in grain, set B, 1933. 




Variance. due to Freedom Squares Square (Mean Square) 
1. Blocks 4 
2. Treatments 2 
3. Error 3 
Total 14 
.011827 .002957 .542 
.045830 .022940 1.568 
.014053 .001757 .282 
.071760 - - 
z for 2,3 = 1.286, hence effect of treatment undoubtedly signific.nt. 
Standard -error of total of 5 plots = 
14001757 
x 5 = .0937 
Mean total of 5 plots = 9.4300 
Hence percentage standard error = 0.989 
The mean square for blocks is not significantly greater than the 
error mean square, even the 5 per cent. point in the z test for 
n. = 4, n2 = 8 being equal to .6705. 
13 I. 
Randomised Blocks. Grain weight and- percerrta'e moisture in 
train, Set A, 1933. 
Weight of 100 grains Percentage moisture in 
in g. x 100 grain x 100 
Block 1 
Treatment 
2 3 Mean 1 
Treatment 
2 3 Mean 
1 333 305 291 310 1143 1175 1182 1167 
2 342 309 307 319 1130 1141 1147 1139 
3 312 293 295 300 1162 1158 1167 1162 
4 235 304 333 307 118o 1166 1175 1174 
5 342 306 304 317 1159 1163 1131 1168 
Total 1614 1517 1530 154 5574 5803 5352 17429 
Mean 323 303 306 311 1155 1161 1170 1162 
Grain weight. 
Analysis of 









Blocks 4 .073626 .018407 
Treatment 2 .110893 .05511117 .3% 
rror 8 .287974 .o35997 .641 
Total 14 .472493 - 
Standard error of total of 5 plots 4.179985 = .422 or 13.1 per 
o significant difference due to treatment or blocks. 
n the case of moisture in the grain, the mean values for treat- 
ent are all so close to the general mean that, even if the 
standard error were as low as 1 per cent., the differences due to 
reatment would be quite insignificant. 
ent. 
131. 
Randomised Blocks. Grain weight and percentage moisture in 
grain, Set B, 1933. 
Weight of 100 grains Percentage moisture in 
in g. X 100 grain X 100 
Block 
Treatment 
1 2 3 Mean 1 
Treatment 
2 3 Mean 
1 315 325 308 316 1188 1210 1179 1192 
2 310 309 330 316 1176 1179 1167 1174 
3 321 317 361 333 1165 1171 1169 1168 
4 303 320 325 318 1188 1130 1162 1177 
5 318 298 326 314 1180 1156 1165 1167 
Total 1572 1569 1650 1597 5397 5896 5842 5878 
Mean 314 314 330 319 1179 1179 1168 1176 
Grain weight 
Analysis of Degrees of Sums of Mean 1 loge 
Variance due to Freedom Squares Square (Mean Square) 
Blocks 4 .071427 .017857 
Treatment 2 .084360 .042180 .720 
Error 8 .133573 .016697 .256 
Total 14 .289360 - 
Hence there are no significant differemces due to treatment. 
Standard error of total of 5 plots = 7.0835 = .239 or 9.2 per cen 
The moisture content of the grain is obviously not affected by 
treatment. 
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The Manurial Reoui rem_ent of the Soil. Until compara- 
tively recently, the use of fertilisers has been based very large y 
upon trial and error demonstrations, the appearance of the crop 
under different treatments usually receiving greater attention 
than yield or quality. When one considers that even the most 
expert observer can seldom with confidence distinguish growing 
crops differing by less than 10 per cent. in yield, it is obvious 
that important differences may easily fail to be detected by 
visual examination alone. Innumerable yield trials are, of 
course, carried out but, unfortunately, very often without due 
regard to the errors involved. Well established and properly 
conducted field experiments are comparatively few in number and 
the conclusions reached from them necessarily apply rigidly only 
to the particular conditions of soil, environment and so on in 
question. It is obviously impracticable to carry out an unlimite 
number of such experiments and much attention -has naturally been 
devoted to studying the manurial requirements of the soil under 
the less satisfactory laboratory conditions. The problem which 
has confronted the investigator is the question of thVa,:ailabilitl 
of nutrients required by the plant. It is well known that plants 
ay respond to additions to a soil of certain elements necessary 
for growth, although the soil contains large amounts of those 
lements. Discrimination between available and non- available 
onstituents is very difficult, partly on account of the hetero- 
eneity of the soil and its ever -changing character and partly 
ecause the feeding power of plants is still a matter of contro- 
ersy. 
The Availability of Plant Nutrients. Many purely 
heroical methods have been proposed and adopted. Generally 
peaking, they involve an extraction of the soil with water or 
ome/ 
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some dilute acid and aim at estimating the quantities of those 
substances which would normally come into solution under field 
conditions as a result of chemical and biological changes and the 
effects of plant growth. In certain circumstances, when the 
results can be properly interpreted in the light of experience, 
the information obtained is of the greatest value for advisot °;r 
purposes; but all chemical methods must suffer from serious 
defects. The results depend upon the technique, so that strict 
comparison under different conditions is difficult and frequently 
impossible; the results necessarily give only a measure of the 
state of the soil at ä particular time and obviously cannot apply 
to its conditions before, during and after cropping; no chemical 
method can imitate the lengthy and complicated process of assimi- 
lation of nutrients by the plant which undoubtedly plays an activ 
part itself in helping to bring them into assimilable form. Ther 
is probably no hard and fast line between that part of a consti- 
tuent which is available to the plant and that part which is not; 
the compounds of the soil are continually undergoing change and 
even the minerals and organic residues most resistant to decompo- 
sition are gradually broken down to supply plant food. 
These fundamental difficulties have persuaded investi- 
gators to turn to the plant itself for information regarding the 
vailability of nutrients and the manurial requirements of soils. 
his has given rise to an intensive study of the growth and 
omposition of plants in various types of dish and pot experiment 
¡ith a view to determining what is easily available to plant and 
what constituents are lacking in the soil. Mention only need be 
made of the Mitscherlich and Neubauer methods of estimating 
manurial requirements, methods which are used widely and success - 
lly on the Continent. Both methods are open to criticism 




there are also certain objections On theoretical grounds; 
but 
there is no doubt that they are the best available methods for 
obtaining an estimate of the amount and composition of fertilise 
required to improve the cropping power of the soil. One dis- 
advantage of both methods is that they are not suitable for 
general use except by Institutes specially equipped and staffed 
for the purpose. The Mitscherlich method is costly and requires 
a whole growing season to obtain results, while the Neubauer 
method demands constant supervision and skilled analyses. 
Consequently, for the ordinary laboratory, which may be required 
to report on some hundreds of samples of soil annually, efforts 
4A 
have been directed towards finding a cheaper, simpler and more 
rapid method for routine purposes. 
Biochemical Methods. It has been observed that the 
development of certain lower organisms may form a good index of 
soil fertility; in other words, conditions which are satisfactor 
for the growth of higher plants are also usually suitable for 
some lower organisms. It is, therefore, possible to assess the 
cropping power of the soil by studying the development of a 
bacterium or fungus in the soil under suitable conditions, and, 
since the growth of these organisms is rapid, results are obtaine 
in a few days. The possibilities of such a method have been know 
for many years, but its intensive study and practical application 
have been taken up only recently-. For the estimation of manurial 
requirement, the method is based essentially on the course of 
development of the micro -organism in a culture medium containing 
a definite amount of soil in place of the nutrient in question. 
Generally speaking, the higher plants and lower organisms react 
similarly to the different nUtrie_ts. Two types of organism have 
been em lcyeá for this purpose, v_z. the bacterium Azotobacter 
chroocoacum and the mould fungus Ls ipergilius niger. 
Azotobacter/ 
Azotobacter is an important soil micro- organism which 
is able to fix atmospheric nitrogen, and its use in soil analysis 
originated in Denmark. It was observed, in the course of a 
series of liming experiments, that this organism developed when 
there was an adequate supply of bases in the soil but failed when 
the:soil was acid. The sensitivity of the organism to acid con- 
ditions became the basis of a method of estimating. the "lime - 
requirement" of the soil, but more accurate physico- chemical 
methods are now generally employed. 
An adequate supply of phosphate is also necessary for 
the growth of Azotobacter and the content of easily available 
phosphate in the soil may be estimated by studying the develop- 
ment of the organism under appropriate conditions. Unfortunately 
the rate of development of the organism can only be estimated by 
the number and size of the colonies of cells which become visible 
to the naked eye after a short period of incubation, so that 
there is considerable experimental error; but in Denmark, where 
the method is regularly used, it is claimed to be easy to grade 
the degrees of development into "poor "," moderate" and "good ", 
corresponding respectively to large, moderate and small soil 
requirements of phosphate. 
The use of Aspergillus niger has developed more 
recently but is similar in principle to the Azotobacter method. 
The necessary conditions of growth of the two organisms are quite 
different, however, for whilst Azotobacter requires an approxi- 
mately neutral medium, Aspergillus niger develops well in acid 
H edia, and whereas the degree of development of Azotobacter canno 
e measured accurately, it is possible to collect the fungus and 
eigh it. It has no claim to being an accurate quantitative meth 
gut rather a means of linking up the more qualitative Azotobacter 




advantage over the latter being simplicity and speed for 
routine analyses. 
The name " Aspergillus niger" is applied to a group of 
those fungi commonly known as moulds. The genus Aspergillus is 
characterised by the interlacing of tubular filaments to form a 
vegetative felt, called a mycelium, which is coherent and 
easily handled. Reproduction takes place in various ways but, 
in that which chiefly concerns us, large numbers of conidia or 
spores are produced. The conidia, each of which is capable of 
developing into a new plant, are almost black in colour and are 
responsible for the dark velvety appearance which is typical of 
the fungus. 
In comparative work it is essential that a standard- 
ised technique be followed because the weight of mycelium 
depends upon the amount and relative proportions of food materia 
available. If the concentration of the solution be too great, 
the growth proceeds for an inconveniently long time, whereas if 
the concentration be too low, the weight of mycelium formed is 
too small since it is closely related to that nutrient which is 
the limiting factor. The culture solution, containing all the 
constituents necessary for growth except that for which the soil 
is being tested, also contains 1 per cent. citric acid. This 
ensures a strongly acid reaction which is favourable for the 
growth of the Aspergillus and reduces the disturbing influence 
of other organisms. 
The mixture of soil and culture solution is inoculated 
with the organism and incubated for from 4 to 6 days according 
to the object of the experiment. During that time the mycelium 
develops and covers the surface of the liquid like a felt. When 
the growth is large, the surface presents a corrugated appearance 
and is tough and almost rubber -like to touch. The mycelium is 
removed/ 
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removed from the flask, washed with water to free it from any 
adhering soil particles, dried slowly in an oven and weighed. 
During growth, the acidity of the suspension increases to a cer- 
tain extent owing mainly to utilisation by the fungus of the 
nitrogen of the ammonium salt present with liberation of free 
mineral acid. The change depends upon the rate of development of 
the organism and the chemical nature of the soil. It is not pos- 
sible to control the acidity during growth so that, since the 
amount of nutrient which becomes available is related to the 
degree of acidity of the solution, it is obvious that,the more 
active the growth of the orga.nism1the better will become the con- 
ditions for setting free the limiting nutrient. Consequantly, 
the differences between soils will tend to be exaggerated since 
the final degree of acidity may lie between fairly wide limits. 
In this connection, it may be mentioned that proposals have been 
advanced by Butkevitch (1) for the use of Aspergillus oryzae 
which is claimed to develop less acidity.) If, under certain 
conditions, the growth is allowed to proceed too long, then the 
protein compounds of the mycelium break down with liberation of 
onia; this reduces the acidity of the medium to a point favour - 
ble for other micro -organisms and the Aspergillus may be 
ecorposed to such an extent that it cannot be collected. The 
addition of citric acid to the culture solution and the time 
rowth are, therefore, two factors of the utmost importance in the 
ethod. 
The results are also affected by the particular strain 
of the organism used and by the temperature of incubation which 
must be carefully controlled. Unless all these factors are 
maintained nearly constant, it is ruite possible for different 
soils containing the same amounts of potassium or phosphorus to 
give quite different results. The variations which occasionally 
occur/ 
occur in spite of the above precautions are undoubtedly a weak- 
ness in the method because uniformity of results is essential fo 
any satisfactory method of investigation. No method, however, 
depending upon .living organisms which do not obey strict chemical 
laws can be expected to provide perfectly constant results; the 
success of the Aspergillus method must therefore be circumscribe . 
by certain reservations. Studies in the behaviour of the organis 
are being made at various places and the interpretation of the 
results will become more rigid when all the variable factors have 
been thoroughly investigated and adequate comparison made with 
other data. 
There is a certain similarity between the Aspergillus 
method and chemical methods which make use of citric acid to 
bring easily available nutrients into solution; one difference, 
however, is that in the biochemical method one nutrient is being 
examined in presence of excess of all the. others, whereas in the 
purely chemical methods the proportions of the nutrients present 
in the soil remain unaltered. As a matter of fact, the growth of 
Aspergillus is not so great when a citric acid extract of the 
soil is used in glace of the soil itself and the results do not 
agree so well with those from the Neubauer method. That is to 
say, more nutrient is withdrawn from the soil during the growth 
of the organism than by the extraction with citric acid. This 
might be expected since the acid extraction gives us the amount 
of nutrient which is dissolved at room temperature under definite 
experimental conditions. The value obtained in the Aspergillus 
ethod, on the other hand, corresponds to the supply of nutrient 
which becomes available during the vegetation period when the 
emperature is higher, the acidity becomes greater and the plant 
utrients are undergoing constant change. 
Applications of the Aspergillus Method. Many papers 
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dealing with the application of this biochemical method of 
estimating the available plant food in the soil have been pub- 
lished in the course of the last few years. The development of 
different strains of the fungus and its behaviour in various 
culture solutions have been studied, and the work has been 
extended to the investigation of soils. Hundreds of results 
have been submitted to show the agreement between this method 
and other standard methods (especially the Neubauer method) for 
estimating the fertility and potash or phosphate requirement of 
soils. The comparative success of the investigations has justi- 
fied the emphasis which has been laid on the merits and general 
usefulness of such a simple and cheap method for rapid routine 
analysis (14). No claim has been made for infallibility or 
accuracy)but the usefulness of a simple test, ':dlich can place the 
majority of soils into three or four groups, according to their 
degree of fertility, cannot be overrated. It has been severely 
criticised by Stock (17) on the theoretical grounds that so many 
factors are not under control and the point of maximum growth is 
uncertain, but even those workers who have been most prominent i 
advocating its merits have accepted its limitations and emphasise 
its usefulness simply as a convenient routine test, which probabl 
falls between the purely chemical and the biological methods. Th 
value of the accurate chemical determination is always open to 
question when proper consideration is given to the difficulties 
and errors associated with the sampling of the soil, the dis- 
tribution of fertilisers and the interpretation of the results. 
In the biological method there must always be factors, internal 
or external, which fall outside experimental control. The field 
experiment is naturally the only satisfactory test of the 
precision and reliability of any method. As already mentioned, 
it can be practiced only to a limited extent, but is absolutely 
necessary/ 
necessary to support the claims for any laboratory method and th 
mere comparison of different laboratory methods is of second rat 
importance. 
- Meantime, therefore, until there is more general agree- 
ment regarding the best standard to adopt, it is highlS7 desirable 
to examine any method which may prove to be useful for advisory 
purposes. Even if it only serves to tell that the suuply of 
potassium or phosphorus in a Fail is good, moderate or poor, it 
is valuable for the rapid examination of the large numbers of 
samples with which many laboratories have to deal. The Asper - 
gillus method would seem to offer such a chance, and the work 
carried out in this investigation was designed primarily to 
examine some of the more important factors concerned in the 
laboratory technique. 
1. METHOD. 
The technique which has been employed throughout differ 
only in minor details from that adopted by the investigators at 
Weihenstephan (8, 20). The preparation of the suspension of 
conidia has been simplified; ammonium nitrate has been used in 
place of ammonium sulphate; squat, wide necked bottles have been 
found more convenient than conical flasks. Ordinary conical 
Masks, of 125 c.c. capacity and 6 cm. diameter, were first used, 
t some difficulty was experienced in removing large growths of 
they 
celium through the rather narrow neck, and /were later replaced 
y bottles of 130 c.c. capacity, 5.5 cm. diameter of base and 4 
iameter of neck. These have been found to be extremely satis- 
actory for they take up :mach less room than flasks in an 
ncubator, withstand comparatively rough treatment and are easily 
ashed. Sr;: photographs 4 e_._d 5. 
For the estimation of "available potash ", 2.5 g. soil 
re/ 
are placed in a bottle and 30 c.c. of a nutrient solution, havin 
the following composition, are added from a pipette: - 
10% sucrose, 15 citric acid. 0.15 peptone, 0.0755 P205 (as 
ammonium dihydrogen phosphate) , 0.365 ammonium nitrate, 
0.03% magnesium sulphate, 0.000155 copper, 0.00015 iron and 
0.00015 zinc (each in the form of sulphate). 
A few drops of a suspension of conidia (see below) are 
then added and the whole incubated for six days at 35°C. The 
mycelium is then removed from the bottle by means of forceps, 
washed in water, placed on a tared clockglass and dried, first 
overnight at 50- 60 °C., then for two hours at 60 -10C 
0 
C. and 
finally for two hours at 100 -105 °C. It is then cooled in a 
desiccator and weighed. For routine purposes, the experiment is 
carried out in quadruplicate, the four mycelia being dried and 
weighed together on the same clockglass and the average weight 
obtained by calculation. 
In the estimation of "available phosphate ", 5 E. of 
soil are taken instead of 2.5 g., while the nutrient solution 
contains 0.025 K20 as potassium sulphate and no phosphate. 
Otherwise the technique is the same as above. In the following 
sections dealing with an examination of the factors (a) inocula- 
tion, (b) source of nitrogen, and (c) size of vessel, nutrient 
solutions containing excess potassium but no phosphorus have 
been employed. 
2. INOCULATION. 
Fresh cultures of the organism are prepared from time 
to time on slopes of agar containing 15 glucose, 0.15 asparagine 
and 0.055 K2HPO4 in tap water. A small quantity of the conidia 
is carefully removed from the surface of the slope, by means of a 
moist wire loop, and shaken up with a few c.c. of distilled water 
hree drops of the suspension are added to each bottle. This 
ethod/ 
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method is simple compared tc the carefully controlled measures 
recommended by yiklas and his co -'.' crkers, but experiments have 
demonstrated that it is sufficiently accurate for the purpose. 
The following figures (Table la) , obtained in a pre- 
liminary experiment ; ;ith various dilutions of a suspension of 
conidia, illustrates that a 90 -fold difference has little cr no 
effect. 
Table la. 
Average weights of mycelium in g. obtained with different 
concentrations of inoculum. 
Relative concentration 
of inoculum 1 3 10 30 90 
Soil Wo 0.31 C.31 0.30 0.30 0.32 
Lu o.44 0.46 0.45 0.44 0 M 
Or 0.86 o.86 0.87 0.87 0.84 
Although the slope cultures might be uniform in age and 
appearance and the technique as constant as possible, it was felt 
that the above range of concentration was rather small to permit 
of definite conclusions. The following figures (Table lb), how- 
ever, show that the differences in mycelium weight, obtained over 
even a million -fold range in concentration of inoculum, are 
negligible. 
Table lb. 
Average weights of mycelium in g. obtained with different 
concentrations of inoculum. 
Relative concentration 
of inoculum 1 10 102 103 10 105 106 
Soil 1 .34 .35 .35 .34 .36 .37 .36 
2 1.23 1.15 1.15 1.14 1.17 1.28 1.24 
3 .27 - - .31 - - .31 
4 .45 - - .43 - - .42 
3. SOURCE OF NITROGEN. 
One of the inherent objections to the Aspergillus niger 
method is the change in acidity which takes place during growth 
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as a result cf the absorption of cations from the nutrient solu- 
tion a the liberation of the corresponding mineral _acids. Thi 
is particularly important in the estimation of available phosphat 
in the soil and is no doubt partly responsible for the fact that 
the method is better adapted to the estimation of the potash 
requirement than of the phosphate requirement of soils. Several 
investigators (3, 4, 20) have examined the question of change in 
acidity but chiefly with nutrient solutions varying in composi- 
tion but containing ammonium sulphate as the source of nitrogen. 
Since the bulk of the free sulphuric acid liberated must come 
from the ammonium sulphate it was thought that either ammonium 
citrate or ammonium nitrate might prove to be more suitable in th 
respect. The liberation of citric acid from ammonium citrate 
would not sensibly affect the acidity of the solution which 
already contained 15 citric acid. It has, in any case, been 
shown by Trischler (20) and by Niklas et al (9) that a con_siderabl 
variation in the quantity of citric acid present does not affect 
the weight of mycelium formed nor the final iii value to any- 
extent. It has also been shown by Lowig (4) that, as far as the 
source of potassium for the fungus is concerned, the citrate anio 
behaves exactly like chloride, sulphate and silicate. The acid 
salt of ammonium citrate, (T,TH ) yC6H607, has been used by 
Wehmer(24) in the study of the formation of organic acids by 
A. niger, but the normal salt, (NH4)3'0611507s has been used in the 
experiments described below. 
Although ammonium sulphate seems to be generally 
regarded as the best source of nitrogen for the organism, 
Simakova and Bovschik (12) have used ammonium nitrate with success 
in the study of soils. Certain results have also been obtained, 
y Wehmer (23), on solutions showing that A. niger develops as 




32-34°C. and that the rapid increase in titratable acidity pro- 
duced in the early stages of growth is rather less with the 
former salt. This may be regarded as due to the fact that the 
A. niger can utilise both nitrate and ammoniacal -nitrogen. 
Consequently, it might be assumed that the changes in acidity 
would be less with ammonium nitrate and the results more strictl3 
comparable for different soils. 
Table 2 contains the average results obtained with a 
number of soils. 
Table 2. 
Effect of source of nitrogen on mycelium weight and acidity. 
pH of soil suspension 
Ammonium salt Mycelium at beginning after 6 days 
Sulphate (11 soils) 0.51 
Citrate ( " ) 0.61 
Sulphate ( 6 soils) 0.60 









There was no apparent relationship between the final 
acidity of the suspension and the mycelium weight for the differ- 
ent soils with any of the nutrient solutions. 
The differences between sulphate and nitrate were very 
small but, in view of the tendency for the latter to give greater] 
weights of mycelium, there seemed to be some justification for 
employing nitrate in place of sulphate in subsequent work. 
The acidity of the citrate solution did not remain 
reasonably constant and the initial acidity was not great enough 
to prevent the development of other organisms in addition to the 
Aspergillus. Although the average weight obtained was higher 
with citrate than with sulphate, the growth was not so satisfac- 
tory, and on occasion there was considerable bacterial development 
with citrate; The latter disadvantage might be obviated by 
sterilisation but, in order to keep the method as simple as 
possible, it was thought that the initial pH of the nutrient 
1 
solution containing citrate might be lowered sufficiently by 
increasing the concentration of citric acid. As already men- 
tioned, it has been shown (9, 20) that a considerable variation 
in the quantity of citric acid present may not affect the weight 
of- mycelium formed nor the final pH value to any appreciable 
extent. Three nutrient solutions (A, B and C), containing equal 
amounts (0.755) . o f normal ammonium citrate but with 1, 1.3 and 
2.25 citric acid respectively, were, therefore, compared with the 
usual ammonium nitrate nutrient solution. The results are 
summarised in table 2a. 
Table 2a. 
Weight of mycelium and final pH of suspensions with different 
solutions. 
Sölution Nitrate Citrate A 
Original 





soil 5 .32 (2.68) .49 (3.21) .52 (3.04) .60 (3.07) 
6 .42 (2.79) .65 (3.11) .68 (2.83) .67 (2.72) 
7 1.23 (3.25) 1.23 (3.09) 1.28 (2.95) 1.25 (3.02) 
The figures in brackets show that the citrate solutions 
gave a rather more constant final pH value for the different soil 
than the nitrate solution. The differences in yield between soil 
Ere m_lch reduced, however, and that is a serious disadvantaT'. It 
was decided', therefore, to adhere to the use of ammonium nitrate 
as a source of nitrogen for the organism. 
4. SIZE OF VESSEL. 
As might be expected, the weight of mycelium formed 
depends to a certain extent upon the area of surface upon which 
growth takes place. Different workers seem to have used, almost 
exclusively, small flasks of base diameter about 6 cm., and only 
brief mention has been made of the effect of vessels of other 
size and shape. The following figures (table 3) for a series of 
soils using beakers, flasks and bottles di ffering) in. cross sectio 
it1/ 
will give an idea of the nature of the results which may be 
obtained. In each case a diameter of approximately 6_cm. has 
been taken as standard. The depth of suspension varied because 
the amounts of soil and liquid were constant throughout. 
Table 3. 
Variation of ;mycelium weight with surface area of growth. 
Diameter Relative Relative weights Ratio 
of cross of mycelium -mycelium 4- cross setti 
vessel cm) section Soil î+ C G L iii C G L 
3 25 44 39 39 71, 176 156 156 284 
6 100 100 100 100 100 100 100 100 100 
9 225 150 166 151+ 171 67 74 68 76 
The actual weights of mycelium which were obtained with 
the above soils in bottles of 6 cm. diameter will be found in 
table 4. It ::i' ?. ?pe observed that the relative weight of 
mycelium per unit cross section has been increased -by about Go 
per cent. by reducing the relative area of cross section from 
100 to 25, and decreased by about 30 per cent. by increasing the 
relative area of cross section from 100 to 225. The results for 
the very fertile garden soil L are exceptional. The limits of 
size chosen considerably exceed those which would normally be 
employed in practice, for a diameter of 3 cm. is too small and 
one of 9 can. is too large for ordinary purposes. A vessel of 
about 6 cm. diameter is very convenient for the quantities of soi: 
and solution commonly employed; some additional experiments were 
carried out, however, with different sized vessels- using differen 
quantities of soil and culture solution, to compensate for dif- 






Diameter of Relative area of Soil (g.) + Weights of myceliu 
vessel (cm.) cross section solution (c.c.) 
3.75 46 2.5 + 15 
5 + 30 
5.5 
3.0 
Soil 3 5 6 
.16 .17 .26 
.17 .13 .1 
100 5 + 30 .23 .31 .40 
10 + 60 .27 .26 .4 -_.,
212 5 + 30 .88 1.16 1.2. 
10 + 60 .90 .92 1.1 
20 + 120 .90 1.11 1.12 
The results (table 3a) indicate that the area of growth is a much 
more important factor than the actual amount of suspension and 
that, in comparative work, it is desirable to use vessels whose 
diameters do not vary by more than a- few mm. 
5. THE EFFECT OF STRAIN OF THE ORGANISM. 
The question of the effect of different strains of the 
organism and of the age of the cultures when used, on the forma- 
tion of acid in nutrient solutions has been the subject of 
several investigations (3) . A summary of the results of a study 
of four strains of the organism on a number of soils, differing 
considerably in their properties, are submitted below (table 4). 
Table 4. 
Estimation of available phosphorus. 
Influence of strain of A. niger on mycelium. weight. 
Strain 1. Edinburgh 
mye .1 vars 
2. Boas 
myc. var. 





Soil X 514 1415 543 393 436 570 463 772 
Y 578 29E 579 1034 552 149 615 771 
L 1037 25L 1184 2979 1162 973 1191 1268 
mean 726 - 770 - . 717 - 756 - 
W 316 149 268 568 260 663 
0 393 149 421 857 407 125 
B 416 110 447 2016 445 593 
G 579 836 672 1939 591 1390 
A 533 2572 534 1065 495 785 
S 1038 728 1037 200 1051+ 155 
L 1201 3782 1157 360 1182 901 
mean 639 - 648 - 633 - - - 
mycelium weight represents mean of 12 replicate observations in 
variance = sum of (deviations from mean)2f(n -1) 
where n = number of observations = 12. 
m. 
The technique was as already described: for_ the estimation of 
available phosphate, (sections 1 and 2)., except. that 12 observa- 
tions were made for each soil and each strain in order to `et a 
good estimate of experimental error. The original cultures of 
the different strains were kindly supplied by Professor Niklas 
and Dr. Poschenrieder of Weihenstephan and by Dr. Wilson of 
Edinburgh. 
Every reasonable precaution was also taken to avoid 
differences in experimental error within and between treatments. 
Each batch of tests consisted of 36 samples of the same soil in 
three series of 12 for the 3 strains. No two batches were in th 
incubator during the same 6 days, but the same sections of the 
incubator were used throughout the investigation and the tempera - 
p 
ture remained constant at 34.5 - 0.5 C. 
The results from the first three soils, X, Y and L have 
been analysed separately from the others because they were 
obtained about nine months earlier with a nutrient solution con- 
taining ammonium sulphate as a source of nitrogen. It is 
noteworthy that the results for soil L in the two sets show very 
good agreement. The general mean for the first three soils and 
four strains is 742.5 and the standard error of the mean of 12 
observations is 1.2 per cent. 
It :ri11 be observed that sometimes one strain and some- 
times another gives the highest result for the different soils 
but that the mean values for the different strains, are fairly 
uniform. It,in factrappears as if there might be a significant 
interaction between strain and soil or, in other words, that the 
strains give different results with different soils. There is no 
apparent relationship between the mean value and variance for the 
different soils and strains,which indicates that the variability 
is not regular. 
The results 
The results for the last seven soils have been 
analysed statistically and the observed variance of variance 
(based on 20 degrees of freedom) is 881,958. Assuming that the 
variation. in variance is due to random errors, this theoretical 
value should be 2 X (mean variance)2 -;-12 = 2 X 9502 _ 12 = 150,417 
based on 11 X 21 = 231 degrees of freedom. The value of z = 
2 loge 5.86 = 0.88 is quite significant so that the variability 
is not homogeneous. 
The analysis of variance for the above set of results 
is as follows ;- 






1. Strains 9,576 2 4,788 4.236 
2. soils 24,970,752 6 4,161,792 - 
3. Residual 105,763 12 8,814 4.540 
4. Total (between 
treatments) 25,086,095 20 1,254,305 - 
5. Within treatments 219,994 231 952- 3.430 
Total 25,306,090 251 - - 
(a) z for 1, 3 = 0.304; 5 per cent. point in z table for 
ni= 12, n2 =2.is 1.43 
(b) z for 3, 5 = 1.110; 1 per cent point in z table for 
ni = 12, n2 = 231 is 0.39 
Standard deviation = 952 = 30.35 
30.85 
i.e. Standard error (of mean of 12) = V2 = 8.906 
Percentage standard error (General mean = 640) = 1.39 
(Standard error of mean of quadruplicate 
observations = 2.41 per ce 
In the first four rows of the above table, the actual 
sums of squares are concerned with the results between treatments 
and have tbeen multiplied by 12, the number of tests in each 
treatment, in order that they may be compared with the results 





is, as would be expected, due to soils, but that is of no direct 
importance in the examination of the results. The mean square 
for strains is actually less than that for the residual error 
between treatments so that, according to these results, strain 
does not exert a specific effect. That statement is in keeping 
with the earlier observation that the mean values for the differ- 
ent strains were fairly uniform. 
The variation within treatments is very much less than 
the residual errors between treatments. There may be some uncer- 
tainty about the exactness of the test of significance on account 
of the heterogeneity of the variance, but the variance ratio is 
so far above the ,01 level that the reality of this interaction 
between soil and strain is scarcely to be questioned. The pos- 
sibility, suggested by a study of the results in table 4, of 
different strains putti__ a series of soils in different orders 
is, therefore, amply proved by the complete examination of the 
data. 
The question is perhaps mainly of academic interest 
meantime in view of the lack of knowledge on the reliability of 
the Aspergillus method in practice. A programme of co- operative 
:cork, on the estimation of-soil fertility, has recently been 
depted by the International Society of Soil Science (19), how- 
ever, and it is obviously important that any co- operation on the 
spergillus method would require a careful consideration of the 
variability of the strains of the organism. It was decided, 
therefore, to examine the same seven soils for available potassiu 





Estimation of available potassium. 
Influence of strain of A. niger on mycelium weight. 
Strain 1._ Edinburgh 2. Boas 3. Boas- Poschenried 









234 137 246 216 297 
292 92o 237 118 355 
372 721 369 415 470 
315 548 263 138 320 
240 4o 236 21-48 231 
243 118 202 73 238 
1033 191 953 881 1000 
398 366 416 








Mycelium weight represents mean of 10 replicate observations in mgm. 
2 Variance = sum of (deviations from mean)2 /(n -l) where n = 10. 
Analysis of Variance. 
Sum of Degrees of Mean loge 
squares Freedom Square Nean squar 
1. Strains 89,670 2 )!)1,335 3.053 
2. Soils 13,447,890 6 2,241,315 
3. Residual 31,150 12 6,763 - 2.107 
4. Total (between 
treatments) 13,618,720 20 680,936 
5. Within treatments 60,921 189 322 0.584 
(a) z for 1,3= 0.9-46 . (b) zfor3,5 =1.523 
Standard error of mean of 10 replicates =p/ 322 -/10 = 5.68 
Percentage error of mean of quadruplicate estimations = 322 100 
= 2.28 
393 
As before, there is no apparent relationship between th 
mycelium weight and variance for different soils and .strains, and 




the variability is not homogeneous. It is necos, a.ry to keep this 
heterogeneity in mind in the examination of the results below. 
The first four rows in the analysis of- variance are 
concerned with the results between treatments, and the sums of 
squares have been multiplied by 10, the number of tests in each 
treatment, so that a final coïai arison may be made with the 
variance within treatments. The total number of tests is 21, 
each 'having 10 replicates. It will be observed that this time 
the mean square for strains is significantly greater than that 
for residual error between treatments, the ratio being exceeded 
by-chance in only rather more than 1 per cent. of cases. The 
observed ratio of 0.946 is slightly less than that (0.963) in the 
1 per cent. test for z (hl = 2, n2 = 12) (2). In other words, 
strain exerts a specific effect. The Boas- Poschenrieder strain 
exhibits the least variability and has generally been employed in 
routine work. It is interesting to note that it was also the bes 
strain in the estimation of available phosphate, although in that 
case the analysis cf the data showed that strain did not have a 
specific action. That may suggest that the test for phosphate is 
ess delicate than that for potassium but, on the other hand, the 
range,.of values obtained in the phosphate estimations was much 
greater than that for potassium. 
The fact that the residual errors between treatments is 
Ix g ain so rout:: greater than the variation within treatments shows 
hat there is a significant interaction between strain and soil. 
he 1 per cant. z test for nl = 12, n2 = 139 gives a value of 0.4 
gainst the observed ratio of 1.5 and, although it is not desirabl 
o stress the exactness of the test on account of the heterogeneit 
entioned above, the level is such as to leave little doubt of the 
i 
eality of the effect. It is not improbable that these effects 
ould be much greater with other strains of the organism and it is 
tbviou s% 
obvious that considerable caution is called for in the more 
general comparison of results of different workers. 
6. LABORATORY ERROR. 
Little need be added on this question to the figures 
already given. With the strains examined, the standard error of 
the mean of twelve estimations of potassium or phosphorus in any 
soil is approximately 1.4 per cent.; the limits have been 0.3 an 
3.3 per cent. and, as previously mentioned, there is no definite 
linearity between variances and mean values. For routine pur- 
poses_, the tests are usually made in qu4druplicate and the 
corresponding figure is 2.3 or 2.4. These figures are less than 
those reported elsewhere (9) and suggest that the accuracy of th 
method, in regard to laboratory technique, is all that could be 
desired when the limitations of the agreement so far recorded 
between laboratory and field results are taken into consideration. 
7. EFFECT CF SOIL REACTION. 
In view of the necessity of having sufficient acid in 
the nutrient solution to prevent the growth of various soil 
micro -organisms, the initial reaction of a soil may have little 
influence upon the initial or final pH value of the suspension. 
When more than 1 per cent. of calcium carbonate id present in the 
soil, it is neutralised by the addition of an extra amount of 
citric acid (3). Considerable stress,' however, has been laid 
upon the effect of calcium salts upon the development of Asper- 
gillus niger. Figures have been given (10), for example, to show 
the influence of additions of calcium carbonate to the nutrient 
solution in the estimation of available potash in soils; the 
average weights of Aspergillus obtained from calcium carbonate - 
free soils by the addition of 0.0, 0.1, 0.25, 0.5 and 0.75 per 
cent. of CaCO3 to the nutrient solution were respectively 363, 




number of observations made with soils containing free calcium 
0.rbonate demonstrated that the ;resence of calcium carbonate 
increased the apparent available potassium of the soil. Less 
information is available with respect to the influence of calciu 
on the phosphate in the soil, but, according to Vilsmeier (22), 
the preserte of calcium carbonate increases the absorption of 
phosphorus and calcium by the mycelium and also the mycelium 
weight /to a smaller extent. The need of the correction for 
calcareous soils, recommended by Niklas and Poschenrieder, 
however, has been disputed (5) and it is probable that the 
influence of lime depends largely upon tùe initial degree of 
saturation of the soil. 
The following resulta have been obtained with two 
soils from a series of jot experiments. Soil W is an extremely 
infertile sandy loam Which was treated with increasing amounts 
of calcium hydroxide 13 is a clay loam one 
sample of which was treated in 1930 with calcium hydroxide to 
decrease the acidity and another sample of which was treated 
annually with sulphur to increase the acidity.. The average 
figures obtained from samples taken in February, 1933, from 










pH Weight of mycelium 
in estimation of 
K P205 
(1) (1) (2) 
Average-relative 
crop yields.'' 
W1 0.00 4.5 271 254 273 303 10 
W2 0.20 5.4 262 275 343 555 56 
w3 0.45 6.3 249 279 351 326 95 
is4 1.00 7.9 272 273 332 354 104 
B1 ( sulphur) 5.4 302 398 405 395 99 
B2 0.00 6.0 299 389 412 422 100 
B3 0.12 7.0 301 412 410 432 97 
1 After 2 years cropping in set w, 3 crops in set B. 
2 n it fallow n n n, 3 years u n n 
a Oats, peas, beans and wheat in the case cf Soil W; 
potatoes, barley, peas, beans and wheat in the case of Soil B. 
Soil W has an extremely low degree cf saturation and 
contains a fair amount of exchangeable aluminium and iron (see 
p. 21 ) . The addition of lime has had no effect on the available 
potassium la the cropped soil, as estimated from the development 
of A. niger. It has effected an increase, however, in the 
uncropped pots. the addition Of lime has bròught about- signifi- 
cant increases of available phosphate in both cropped and 
uncropped soils and it is noteworthy that the cropping has 
reduced the available phosphate is the unlined soil. It may be 
added -that in an additional set of pots containing the same soil, 
the application of a concentrated soluble fertiliser (85 N, 
165 P205, 165 K20 at the rate of 2100 lb. per acre) did not 
increase the crop yield, and the weight of mycelium obtained in 
the estimation cf available potassium was 314 mgm. The 
application of sufficient lime to bring the pH to 7.7 in addition 
to/ 
15-9 
to the fertiliser, gave a mycelium weight of 303 mgm. and 
increased the crop yield tenfold. These figures are significantly 
higher than that for the unlined and unfertilised soil, á though 
not different from each other. In the estimation of available 
phosphate, the corresponding mycelium weights were 268 and 376 
mgm. which indicated that the soluble phosphate added to the soil 
was rendered unavailable unless calcium was also applied. This 
acid infertile soil is, of course, rather exceptional inasmuch as 
a dressing of lime in some form is absolutely essential to obtain 
a reasonable crop. At the same time, the responses to treatment 
shown by plants are very much greater than those shown by the 
fungus. 
With respect to soil B, the crop yield is not influence 
by changing the soil reaction and the weights of mycelium obtaine 
with the cropped soils are not affected by the treatments. The 
cropping has effected a large decrease in available potassium, 
however, and a significant decrease in available phosphate in the 
limed soil. In the uncropped soils, liming has increased the 
available potassium and sulphur has decreased the available 
phosphate. A series of samples of soil B from a field experiment 
carried out on the same lines as the above pot experiment, were 
examined by the A. nicer method. The pH values of the different 
plots varied from 4.9 to 7.2 but the weights of mycelium did not 
vary beyond experimental error. 
The data are not sufficient to justify any generalisa- 
tion but suggest that the effect of the addition of calcium on 
the growth of Aspergillus is more closely related to the lime 
status and degree of saturation of the soil than to the presence 
of free calcium carbonate. In any case, it would seem that the 
normal application f lime added to correct soil acidity would ho 
influence the development of the fungus to any extent. 
8. COMPARISON WITH MITSCHHERL ICH Iv THOD ./ 
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8. COMtPARISO "T WITH MITSCHFRLICH METHOD. 
Through the courtest of Professor Mitscherlich, forty 
samples of soil, which had been examined by his well known 
culture method, were obtained for examination by the Aspergillus 
method. The results have been plotted against the corresponding 
Mitscherlich figures and the regression lines inserted (Fig. 1). 
The values for the potassium estimations are rather scattered, 
but it is worth noting that four of the five soils, represented 
by the encircled points above the line, have a high apparent - 
density, and that the two :larked below the line have a low appar 
ent density. The point marked in the phosphate graph also 
represents a soil of high apparent density. It is not suggested 
that this explains all the discrepancies, for several exceptions 
could also be pointed out, but, since it covers the majority of 
the most discordant cases, it directs attention to the desira- 
bility of taking apparent density into consideration.in the 
comparison of different soils, especially When the content of 
organic matter becomes high. 
The correlation coefficients were calculated from the 
formula r = (m x a) (18), where m and a represent the 
(n -1)rm a 
respective deviations from their means of the Mitscherlich and 
Aspergillus results; U'm andcra are the standard deviations in the 
two cases, and n is the number of comparisons. 
In the estimation of available phosphate, r = 0.(( 
which is quite significant for 40 observations; r = 0.40 in the 
case of available potassium and is also definitely significant, 
the probability that the agreement would be exceeded by chance 
being just greater than .01. 
These results are quite different from those of Niklas, 
Miller and Frey (6). These authors obtained correlations of a 
very high order between the Aspergillus and the plant culture 
methods 
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methods in the estimation of potassium, but found that the 
Aspergillus method uvreed better with the chemical extraction 
methods in the estimation of phosphate. Good agreement between 
the Aspergillus and acid extraction methods io to be expected (13 
since the growth of the fungus depends upon the quantities of 
potassium or phosphate absorbed from the soil, and these in turn 
are largely determined by the citric acid in the nutrient solu- 
tion. As discussed at length by Reuter (11), the availability of 
soil phosphorus to A. niger also depends upon the source of carboe 
in the nutrient solution. Agreement between two methods, Which 
differ fundamentally, is much more promising and the large 
grouping of low values for phosphate in Fig. 1 is very satisfacto 
from the point of view of advisory work. On the other hand, the 
majority of the soils might he described as moderately well - 
supplied with available potassium, and it is with such a group 
that the greatest discrepancies between any two methods are likely 
to occur. It is also with such samples, unfortunately, that 
reliable information is most required, so thgt the relative lack 
of agreement between the two methods is somewhat disappointing. 
It is useless discussing the discrepancies between the 
two methods, however, without information on the behaviour of the 
soils under field conditions and the above comparison was made 
simply because the Mitscherlich figures provided the best avail- 
able alternative. 
rY 
9. DISCUSSION OF RESULTS. 
One striking feature of the results reported by many 
investigators, and which is also illustrated in Fig. 1, is that 
the Aspergillus method is not nearly so sensitive as the other 
common methods of examining soils. The range of Mitscherlich 
values, for example, is two or three times as great as that of th 
Aspergillus results for the same soils. In another set of soils 
the figures] 
the figures for exchangeable potascium lay between 4 and 20 while 
those for mycelium weight by between 0.2 and .0.5. The same thi 
is to be observed in the comparison of Aspergillus reaults_.with 
those obtained by the Neubauer or extraction methods (5, 9) . One 
reason may be that the mycelium weight is not a direct _.measure of 
the nutrient uptake, for, as Vilomeier has shorn (21), the com- 
position of the mycelium varies irre ularly. According to the 
results of Irlehlich, Truog and Fred (5) , the nutrient absorbed by 
the fungus really agrees more closely than mycelium weight with 
the results obtained by other methods, but the necessity for 
analysing the mycelium would make the method impracticable. A 
few interpolation curves like that prepared by the above investi- 
gators (5) to give the relztionship between the weight and 
composition of the mycelium would be extremely valuable. 
It seems to be reasonable to assume from the data avail- 
able that, whatever inconsistencies may be observed in the behavi 
our of the organiser in presence of different types of soil, the 
decisive factor in the growth of the organism is the nutrient 
content of the soil . Probably the most serious criticism which 
can be directed against the method is that the end point is taken 
to be the same for different soils in spite of the individual 
factors which must influence the speed of growth and prevent the 
selection of the point of maximum yield. The behaviour of the 
fungus, hcreever, seems to be sufficiently const4nt for the purpos 
of placing soils into two or three large ,groups, according to 
their fertiliser requirement, within which small differences in 
the weight and composition of the mycelium are Cf little conse- 
quence. There remains thn difficulty of se iL_; ss g borderline 
asas, but that is common to all methods of estimating soil 
rtìlity. The cheapness Lied speed. of the method are great 
d-vanta cc, but a much greater variety of soil types from suitable 
field¡ 
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field experiments must be examined. to establish its reliability. 
10. SUMMARY.' 
An examination has been made of certain factora_vhich 
affect the development of A. piger in soil investigations. It i 
;:3'.^Ón that considerable latitude is permissible in the concentra 
tion of inoculum employed, vit out sacrifice of accuracy; that 
ammonium nitrate or sulphate is better than ammonium citrate as 
a source of nitrogen; that due attention mist be given to the 
area of cross section of the vessels employed. 
A study has been made of the variability of tige result 
fróm seven soils add three strains of the organist. It is shown 
that strain exerts a specific effect in the estimation of potas- 
sium, and that there is a significant interaction between soil 
and strain in the estimation_ of potassium or phosphate. The 
accuracy of the method is represented by a percentage standard 
error of about 2.3 for the mean of quadruplicate observations. 
A few results have been given to show that normal 
dressings of lime to a soil are unlikely to affect the develop- 
ment of the organism. 
A comparison of the Mitscherlich and Aspergillus 
results for forty soils has been made. The correlation coeffi- 
cient is high (.7() in the case of the phosphate figures and lower 
but quite significant (.40) in the cace of the potassium figures. 
The general relationship between the Aspergillus and 
other methods is discussed and attention drawn to the necessity 
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APPENDIX X 
Estimation of available potassium by A. niger. - 







Strains 48,350 2 24,175 
Soils 727,737 6 121,290 
Remainder 737,1119 12 65,621 
Total 1,563,536 20 73,177 = 
variance of variance based on 20 degrees of 
freedom. 
Assuming that the variation in variance is due to random errors, 
the theoretical value of the variance of variance should be 
2 x (mean variance)2 - 10 = 2 x 322.32 . 10 
20,776 
based on 9 x 21 = 189 degrees cf freedom 
z = F loge 3.76 = 0.6625 which is quite significant, i.e. the 
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INVESTIGATIONS ON HETERODERA SCHACHTII 
IN LANCASHIRE AND CHESHIRE 
PART II. THE RELATIONSHIPS BETWEEN DEGREE OF 
INFESTATION AND HYGROSCOPIC MOISTURE, LOSS 
ON IGNITION AND pH VALUE OF THE SOIL 
BY A. M. SMITH, B.Sc., PH.D., A.I.C. 
(Adviser in Agricultural Chemistry, Manchester University.) 
(With 2 Text- figures.) 
IT has been shown (Part I) that an infestation of Heterodera schachtii may 
not be uniform over even a small area. It seemed desirable, therefore, 
to make an examination of certain soil characteristics to see if any re- 
lationship existed between the degree of infestation and the nature of the 
habitat. It was thought that the rate of reproduction of the nematode 
might be influenced by moisture and temperature conditions. Hence, 
attention was first directed to those physico -chemical properties which 
are directly related to soil moisture and temperature. 
MOISTURE AND Loss ON IGNITION. 
Keen and Russell (3) have produced data which show qualitatively 
that the moisture variations in a soil are inversely related to the mean 
temperature; in other words, the soil warms as it dries and vice versa, 
and a rapid rise of temperature, in spring for example, does not occur 
until the soil has lost its excess of moisture. In another investigation on 
single value determinations, Keen and Coutts (4) have shown that a good 
correlation exists on the one hand between content of organic matter and 
the moisture at the "sticky point," and on the other hand, between clay 
content and the equilibrium moisture content at 50 per cent. humidity. 
The last mentioned is in turn closely related to "air dry moisture." The . 
soils in the present investigation were either peaty sands or peats and it 
seemed, therefore, that the simplest method of obtaining comparative 
figures for field conditions of moisture and temperature was to determine 
the moisture content and the loss on ignition of the air -dried soil. 

































































































































































































342 Heterodera schachtii in Lancashire and Cheshire 
while the samples of anyone series were taken in one day. The air -dried 
and sieved (2 mm.) soil was employed. The usual procedure was to heat 
the soil to a temperature of 100 -105° C. for about five hours, weigh and 
then ignite to constant weight. The conditions were identical for each 
series and the determinations were made in duplicate. Values were 
obtained for three series in each of which there was a wide and significant 
variation in cyst content. 
The values for both moisture and loss on ignition are, however, quite 
scattered and uncorrelated with the cyst counts (Fig. 1). It is almost 
certain that characteristics arising from excessive dryness on the one 
hand, or bad drainage and excessive moisture on the other hand, would 
have been revealed by those measurements. Since those series were 
typical of the different field conditions met with in the course of the 
investigation it seemed useless to pursue this line of study further. 
ACIDITY. 
Another soil property upon which a vast amount of work has been 
carried out, and the determination of which provides a useful figure in 
the consideration of acidity and base exchange problems, is the pH value. 
It gives a measure of the hydrogen ion concentration of a soil or of, what 
is usually determined, an aqueous suspension of the soil. An investigation 
on the relationship between pH and cyst counts was carried out by 
Peters (5), who made the measurements colorimetrically on water extracts 
of the soil. The bulk of his observations refer to one experimental field 
where the pH ranged from about 6 to 6.7, and the cyst content from about 
3 to 80 per 10 c.c. of soil. From those results he concluded that there was 
"an indubitable correlation between pH and cyst- concentration" but 
that a set of miscellaneous samples confirmed that correlation only in 
part, the reverse sometimes being found. 
The pH of the soil samples was determined electrometrically by means 
of the quinhydrone electrode (1, 2). The technique was as follows. About 
10 gm. of the sieved soil was shaken vigorously for one minute with about 
25 c.c. water and a few decigrammes of quinhydrone. After standing for a 
few minutes, connection was made with a standard quinhydrone electrode 
and the potential difference observed. The instrument employed per- 
mitted the readings to be made to one millivolt (roughly equivalent 
to 0.02 pH). The standard error was about ± 0.02 and the results have 
been given to two places of decimals, although it is realised that such 






































































































































































344 Heterodera schachtii in Lancashire and Cheshire 
Table I. 















112 A -112 D 
c.c. pH c.c. pH pH c.c. pH pH c.c. pH 
16.3 4.56 17.0 5.11 8.4 4.47 23.5 6.01 21;0 5.92 21.7 6.17 
14.0 4.76 14.8 4.86 3.8 4.56 26.1 5.51 25.0 5.74 19.7 5.84 
11.4 4.29 19.7 4.67 27.9 4.56 24.9 5.36 29.2 5,61 16.0 5.85 
10.6 4.19 18.6 4.76 40.8 4.57 7.4 5.56 6.6 6.13 
15.9 4.57 9.0 4.66 19.0 4.62 19.0 5.73 
22.3 4.50 4.3 4.78 7.6 5.58 
17.8 4.80 0.6 4.84 8.1 5.51 
19.5 4.64 0.1 4.92 1.9 5.47 
24.3 4.66 0.1 4.92 0.3 5.43 










120 A -120 J 
c.c. pH c.c. pH c.c. pH c.c. pH c.c. pH 
46.7 5.37 12.5 6.02 29.7 5.30 45.7 5.27 33.3 5.73 
41.2 5.40 10.6 5.87 42.0 5.25 33.8 5.20 44.5 5.40 
30-5 5.54 20.1 6.17 21.4 4.95 37.5 5.25 
35.0 5.67 13.9 6.06 23.9 5.04 47.3 5.25 
32.4 5.65 22.5 5.14 49.1 5.27 
32.3 5.54 23.3 5.12 39.8 5.33 
27.9 5.43 25.5 5.04 53.1 5.35 
30.1 5.74 24.6 5.01 53.3 5.32 
44.9 5.47 20.0 5.11 47.0 5.22 
40.2 5.67 18.8 5.18 31.3 5.25 
The first three series are peaty sands, the remainder are peats. 
For the purpose of a preliminary examination the two variables, pH 
and cyst count, were plotted in the form of a dot diagram (Fig. 2). The 
figures for pH range from about 4.2 to 6.2, and those for cyst count from 
0 to about 53 per 10 c.c. soil. At first there appeared to exist no simple 
association unless it were that the maximum concentration occurred in 
the neighbourhood of pH 5.3 and that less cysts were found on either 
side of that point. The picture, however, is considerably altered when the 
two soil types -peat and peaty sand -are regarded separately. By a 
fortunate chance all but one of the peaty sands are more acid than the 
most acid of the peat soils and the broken line SS' effects a simple di- 
vision of the two groups: a circle has been drawn round the unique point 
of the smaller group, occurring beyond the line SS'. A consideration of 
the points representing the larger group of peat soils to the right of SS' 
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shows that there appears to be a general trend indicating a negative 
correlation between pH and cyst count. Mention has already been made 
of the totally different characters of the two soil typés, and the figures of 
Table II emphasise those differences in physical properties as exemplified 
by apparent specific gravity. It was decided, therefore, to analyse the 
results for the two groups separately. 
It was further considered advisable to regard all the pairs of observa- 
tions as one large sample from an area over which the occurrence of H. 
schachtii is widespread. The pH through a strip 100 yards long on a field 
usually fluctuates to a certain extent owing to a variety of causes, but 
the range is rather short and ten pairs of observations at most, too limited 
in this case to secure a satisfactory coefficient of correlation. Taking the 
53 pairs of observations as a whole, therefore, the figures for pH vary 
from 4.95 to 6.17, those for cyst count from 0 to 53.3 per 10 c.c. soil. 
If X = any cyst count and Y the corresponding pH value, 
x = the deviation of any cyst count from the mean X (27.25), 
y = the deviation of any pH value from the mean (5.50), 
then r, the coefficient of correlation = Exy / Ex2Ey2. 
In this case r = - 0.504. 
The probability that such a correlation would have been obtained 
from any random comparison is less than 0.01, so that the correlation is 
undoubtedly significant. The coefficients of regressions) 
a ay 
b1 =r -, b2 =r 
ay a, 
where a, and ay, the standard deviations of cyst counts and pH, are 
respectively 13.86 and 0.2361, have been calculated: 
b1= - 29.59, b2 = - 0.008592. 
The regression equations are therefore x = - 29.59 y, 
y=- O.00859æ, 
or replacing x by (X - 27.25) and y by (Y - 5.50) 
X = 190.05 - 29.59 Y (a), 
Y = 5.7342 - 0.00859 X (b). 
. The dot diagram has been completed by inserting the lines represent- 
ing the equations (a) and (b). An examination of the diagram reveals 
that the correlation coefficient is reduced by the group of values for the 
observations 58 -65 (see p. 336, Part 1) all below pH 5.20 and With com- 
paratively low cyst counts. They appear to belong to another population. 
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There is little doubt, therefore, that some correlation, worthy of further 
investigation, exists between cyst count and pH, but that there are other 
factors at play. 
When the twenty -five pairs of observations for the sandy soils are 
subjected to the same treatment, the coefficient of correlation is found to 
be - 0.176 which is certainly not significant. 
Table II. 
Apparent specific gravities of two soil types. 
Type Peaty sand Peat soil 
Sample Composite 124B 111 A 112 A 113 A 120 A 120 Ì 
Apparent spec. gray. F20 1.23 0.55 0.61 0.54 0.61 0.54 
SUMMARY. 
1. Soil samples taken for the purpose of measuring the infestation of 
Heterodera schachtii have been further examined for any association be- 
tween cyst concentration and those physico -chemical properties relating 
to the moisture, temperature and acidity of the soil. 
2. The hygroscopic moisture and loss on ignition have been de- 
termined for three typical series of ten samples having significant varia- 
tions in cyst counts. There is no simple.association of the observations 
within any of the series. It appears improbable, therefore, that the rate 
of reproduction of Heterodera schachtii is influenced to a marked degree 
by the normal variations in the physical condition of the soil. 
3. The pH of seventy -eight samples has been measured electro- 
metrically. When the samples are divided into two groups according to 
soil type, there is found to be a significant negative correlation between 
pH and cyst count for fifty -three peat soils. There is not, however, a 
significant correlation in the case of the other twenty -five sandy soils. 
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INVESTIGATIONS ON HETERODERA SCHACHTII, 
SCHMIDT. IN LANCASHIRE AND CHESHIRE 
PART III. CERTAIN CORRELATIONS BETWEEN CROP 
YIELDS AND DEGREE OF INFESTATION 
BY A. M. SMITH, B.Sc., PH.D., A.I.C. 
(Edinburgh and East of Scotland College of Agriculture), 
AND 
HERBERT W. MILES, M.Sc., N.D.A. 
(Adviser in Agricultural Entomology, Manchester University.) 
(With 1 Text- figure.) 
IN a previous publication (2) the technique of estimating the degree of 
infestation of H. schachtii in the field was examined and an attempt 
made to correlate significant differences with the intensity of "eelworm 
disease" as estimated by visual observation. Although the results in- 
dicated that in those areas where disease had been noted comparatively 
recently there was a positive association between cyst count and intensity 
of disease, it was felt that a more accurate computation of the latter, 
by measuring crop yield, was necessary before any definite conclusion 
might be drawn. Furthermore, the fact that, in areas where disease 
had been observed more than three or four years previously, the cyst 
counts did not bear a close relationship to the state of the crop, indicated 
that H. schachtii was at most only one factor in the causation of what is 
termed "eelworm disease" of potatoes. It was decided, therefore, to lay 
down a number of plots on affected ground, make observations through- 
out the growing season, weigh the produce and compare the yields with 
the original and final degree of infestation as measured by cyst counts. 
EXPERIMENTAL. 
Field. Four series of plots, varying in size from 1/130 to 1/40 of an 
acre were laid down in different localities. The first three series were on 
peat and the fourth on peaty sand. The soil characteristics and farm 
practice, together with the notes on the first appearance of disease, have 
A. M. SMITH AND HERBERT W. MILES 597 
already been fully described (2). The plots were sampled.about the middle 
of January, 1928, and measurements made of cyst content and a number 
of chemical properties. About the middle of March, 16 of the 29 plots 
were treated with varying amounts of calcium carbonate to provide 
data for another object in view. All the plots received the same manurial 
dressing in May, prior to planting with potatoes. The variety employed 
was Great Scot and all the seed was taken from one consignment. Field 
notes were made throughout the growing season and the crops were 
harvested at the beginning of September, the weights being taken to 
the nearest pound. The plots were re- sampled in December and the same 
measurements made as on those samples of soil which were taken nearly 
twelve months previously. 
Laboratory. The soil samples were allowed to reach an air -dry con- 
dition and then passed through a 2 mm. sieve. Cyst counts were made 
as described (loc. cit. p. 326) on the fine earth portion. For each sample 
determinations were made of (a) the pH electrometrically (3), (b) the 
"lime- requirement" by the Hutchinson and MacLennan method, and 
(c) the content of free carbonate by means of a Collin's calcimeter. The 
results have been collected in Table I. 
RESULTS. 
Field observations. So far as could be gathered from observations 
made in the field, growth commenced quite normally, and little or no 
difference could be noted on the different plots. There was, however, a 
considerable number of misses associated directly with the fungus 
Rhizoctonia solani Kühn. By the middle of August it was quite obvious 
that all the crops were far below the average and that, in the series 1 
and 3, they were, from the practical point of view, almost complete 
failures. In those cases the foliage had an unhealthy appearance and 
was so dwarfed that the drills were not completely covered. Series 2 
was not quite so bad, but many poor patches were to be seen at irregular 
intervals. Series 4 was undoubtedly the best, but even there the crop 
was not up to standard. 
Laboratory measurements. In Table I the limed and nnlimed plots 
have been kept separate in order to facilitate comparison. Figures for 
the total yield of potatoes, including ware and chats, are given alongside 
the original, final and change in cyst count. The difference between the 
amount of calcium carbonate added and the original "lime- requirement" 
was closely associated with the final content of carbonate in the soil: 
since, however, the unlimed plots almost invariably showed an increase 
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Table I. 
Results for series of plots. 
UNTAMED. LIMED. 
Cyst count per Cyst count per 
10 c.o. soil c/ 10 e.o. soil c/ 
Yield Caeog Yield CaCO8 








3 A 1 
3 B 2 
4 A 3 
4 C 1 
4D3 
4 E 2 
11.8 11.1 - 0.7 36 Nil 
14.1 12.7 -F4 23 0.15 
17.8 12.5 -5.3 26 0.18 
11.5 14.9 +3.4 39 Nil 
20.8 22.7 +1.9 76 0.10 
17.8 27.4 +9.6 94 0.29 
10.6 15.5 +4.9 57 0.05 
21.0 13.3 -7.7 26 0.76 
25.0 21.8 -3-2 14 0.04 
17.0 20.7 +3.7 134 0.04 
19.7 23.9 . +4.2 117 0.01 
18.6 19-4 +0.8 86 0.11 









3 A 2 
3 B 1 
4 A 1 
4 B 1 
4 C 2 
4D2 
4 E 3 
4 B 2 
12.5 11.7 - 0.8 40 2.75 
10.8 13.0 +2.2 30 1.36 
18.8 9.8 -9.0 19 199 
14.7 15.0 +0.3 30 1.22 
21.7 26.8 +5.1 114 0.35 
19.7 25.6 +5.9 60 2.48 
16.0 20.3 +4.3 53 0.93 
6.6 12.1 +5.5 105 0.87 
21.0 11.5 -9.5 34 1.52 
25.0 19.9 - 5.1 28 1.24 
17.0 16.4 - 0.6 122 0.72 
14.8 19.5 +4.7 119 .0.28 
19.7 18.4 -1.3 91 0.14 
18.6 17.7 -0.9 87 0.30 
9.0 11.9 +2.9 108 0.25 
14.8 18.2 +3-4 99 1.26 
in content of carbonate, owing, presumably, to the accidental transfer 
of lime from the adjacent limed plots, the increase in percentage of 
calcium carbonate has been given throughout. In view of the heavy 
dressings of lime and the comparatively short space of time elapsing 
since their application, not much stress could be laid upon the final pH 
figures for the limed plots, whilst the pH of the unlimed plots did not 
alter materially. Consequently, the pH values have not been included. 
The most striking feature of the results is the very low yields obtained 
from the diseased areas upon which the plots were laid. A normal yield 
fluctuates about 10 tons per acre, but on those plots the yields vary 
from less than 1 ton to about 6 or 7 tons per acre; the average yield is 
little more than 30 per cent. of the normal. 
As a preliminary step towards the elucidation of any associations, 
scatter diagrams were prepared from the various pairs of values. It was 
evident that no close association existed between the yield and . the 
amount of calcium carbonate present or between the yield and the 
original cyst concentration of the soil. There was an apparent negative 
association of values representing change in cyst count and original cyst 
count, and the same thing could be said to a less degree of the change 
in cyst count and the increase in calcium carbonate. The most obvious 
association, however, lay between yield of potatoes and change in cyst 
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count. An examination of the data shows that, with few exceptions, the 
cyst count has increased when the yield is more than 50 cwt. and de- 
creased when the yield is less than 50 cwt. The figures for yield and 
change in cyst count are plotted in Fig. 1, and the general trend of the 
results is fairly obvious. 
In order to examine the possible associations more closely, "total 
correlation" coefficients for six pairs of values have been calculated and 
are shown in Table II. 
Table II. 
Coefficients of correlation between pairs of values. 
A O L 
Y +0.592 -0.131 -0315 
A - -0.409 -0-232 
O - - +0.044 
The letters A, 0, L, Y designate, respectively, alteration in cyst 
count, original cyst count, increase in percentage of calcium carbonate 
and yield. The correlation between A and Y has been calculated from 
the formula (1), 
rAY -no ay 
where Eay /n = the mean product of the deviations of A and Y from 
their means, 
as = the standard deviation of A, 
o.= the standard deviation of Y. 
For 29 sets of observations, the only correlation which is definitely 
significant is that between A and Y. The coefficient rAo = - 0.409 has 
a probability between 0.05 and 0.02 and is, therefore, just significant. 
The correlations between A and Y when 0 and L are eliminated are 
r6Y.O = 0.596 and rAY. L = 0.562, 
which show that the association between A and Y is independent of the 
original cyst concentration, and is reduced slightly by the elimination 
of L, the increase in calcium carbonate present. It is not possible to 
say whether A and Y vary independently or the extent to which they 
may be interdependent, but certain factors apparently affect A and Y 
similarly and to an important extent compared with other factors, so 
that, generally speaking, over the diseased areas investigated the cyst 
concentration increases in proportion to the yield when that is greater 
than about 3 tons per acre, and decreases with yield when that is less 
than about 3 tons per acre. 
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The regression lines (a) and (b), represented by the equations 
A = 0.0737 Y - 4.215 ...(a), 
Y = 4.75 A + 63.73 ... (b), 
have been inserted in Fig. 1. Those equations have been obtained from 
the coefficients of regression b1. = rCa /v,, and b2 = ro,, /rra, from which 
a = 0.0737y and y = 4.75 a. The mean values for A and Y are respec- 
tively 0.73 and 67.2, so that a = (A - 0.73) and y = (Y - 67.2). 
Y 
Fig. 1. Diagram showing association between yield (Y) and change in cyst content (A). 
It is evident that the correlation depends upon a number of low values 
for Y, four of which are from series 3 and have been encircled. 0A 
account of the limitations of the experiments, a close analysis of the 
plot variation cannot be made, but it is possible that the association 
between A and Y may exist in the variations between plots and be bound 
up with the unknown factor fertility. 
The coefficient of correlation rAo = - 0.409 is not affected much 
by eliminating L and Y because rAo.L = - 0.411 and rAo. y = - 0.414. 
The data, however, do not reveal whether the association between the 
original concentration and change in concentration of cysts is due to a 
causal relationship or whether both are affected by another factor. It 
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has been shown fa), for the soils under consideration, that no apparent 
association exists between cyst count and physical environment. The 
observed correlation between A and 0 simply indicates that, under the 
conditions of the investigation, the number of cysts tends to increase 
on cropping when the original concentration is less than about 17 and 
vice versa. It must be noted, however, that without the four large 
negative values for A. from series 3 the observed correlation would be- 
come negligible. 
SUMMARY. 
1. Data concerning infestation of H. schachtii, certain soil properties 
and crop yield, from a series of plots at four centres affected with disease, 
have been collected and examined. 
2. Limitations imposed on the design of the plots have prevented 
a complete analysis of the variates, but the results obtained lead to the 
conclusion that eelworm infestation is not of primary importance in 
determining the yield of potatoes and that the cysts tend to increase in 
number only on a crop which is not a failure but which has been adversely 
influenced by some other factor. 
The authors would like to express their thanks to Messrs I. S. 
Macdonald, J. Orr, E. Holmes Smith and I. Thomas of the Advisory 
Department at Manchester for their willing co- operation and assistance, 
and to Mr L. H. C. Tippett for his helpful criticism of the statistical 
treatment of the results. 
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A CAPILLARY ELECTRODE SUITABLE FOR 
THE DETERMINATION OF THE HYDROCEN- 
ION CONCENTRATION AT A POINT ON 
PLANT TISSUE 
By I. M. ROBERTSON and A. M. SMITH 
Two difficulties were encountered in the course of a 
study of the hydrogen -ion concentration of potato 
tubers. In the first place, the time required to prepare a 
pulp was sufficient to allow enzyme action to proceed 
to a considerable distance, and the disintegrated tissue 
could not with confidence be regarded as possessing the 
same degree of acidity as the original tissue. In the 
second place, there is no evidence to show that the pH 
value is uniform throughout the potato tuber. The 
apparatus described in this note was designed to meet 
those difficulties, and it may prove useful in other 
investigations of a similar nature. 
Description of apparatus. -The accompanying diagram 
is drawn to scale. The vessel A is a small " saturated " 
calomel half -cell, the rounded end of the tube B, which 
carries the connecting wire, fitting the constriction at C 
fairly closely so that the mercury is not disturbed by 
tilting. D is a saturated potassium chloride agar bridge 
ending in a fine capillary at E. This capillary is suffi- 
ciently long to permit of the periodic removal of small 
pieces from the end, so as to expose a fresh surface of 
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potassium chloride agar. The platinum wire F, beaten 
out at the end, lies close to and 
protects the point E. It is kept 
in position by the tube G, which 
B- is drawn out at H so that the internal diameter is less than 
1 mm. The ends of the wire F 
and the capillary E reach a point 
about 2 mm. from the end of 
the tub e G. The whole appara- 
tus is only 14 cm. long and 
weighs about 40 g., so that it 
can be held like a pencil. 
The procedure adopted was to 
place a few crystals of quin- 
hydrone on tke tissue at the 
point under investigation and 
then insert the point H. The 
plant juice, together with some 
gninhydrone, rose in the capill- 
ary to meet E and F and the 
potential difference was deter- 
mined by means of a potentio- 
meter circuit; the accuracy of 
which was about 0.5 millivolt. 
To clean the apparatus for 
another determination, the tube 
G was slipped off the rubber 
stopper I and a jet of water 
directed where necessary. In 
addition, the stopper was par- 
tially split . so that the tube 
H carrying F could be removed 
easily to permit of the wire 
being flamed without endangering the capillary E. 
Statement of results. -A comparison of values obtained 
for our buffer solutions by this capillary electrode and 
a 
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by means of an ordinary quinhydrone- calomel system 
(Biilmann and Lund, Ann. Chim., 1921, 16, 321 et seq.) 
is presented in Table I. Each figure represents the 
average of almost identical replicates. The capillary 
electrode was quite as delicate as the other and yielded . 
results which were essentially the same. 
TABLE I 
pU Values of certain buffer solutions 
Capillary electrode Ordinary electrode 




A large number of tubers were examined for variation 
of pH value from point to point on the tissue. Deter- 
minations were usually made at about 12 points on a 
plane through the " heel " and " rose " ends of the tubers, 
and an average variation of 0.08 pH unit was found. 
For the present purpose average values have been taken. 
Groups of five tubers were examined by this method 
and the average pH value of the tissue compared with 
that of the pulp prepared from the same groups of tubers. 
A few results are given in Table II, which illustrate 
typical differences obtained. 
TABLE TI 







It will be observed that the hydrogen -ion concentration 
of the pulp is always lower than that of the tissue, which 
may be accounted for as follows. The loss of carbon 
dioxide, present in the plant sap, during the process of 
pulping probablyy results in a decreased hydrogen -ion 
concentration. Furthermore, the oxidase activity in the 
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Raper (Biochem. J., 1927,21, 89), brings about the con- 
version of tyrosine into indole derivatives which are 
intermediate products in the formation of melanin. 
It is not known exactly how those transition compounds 
would influence the hydrogen -ion concentration, but 
formation of the final insoluble product, melanin, would 
doubtless reduce the acidity. 
It is probable, however, that loss of carbon dioxide 
is the more potent factor, since determinations of the 
pH of the pulp by means of a hydrogen electrode gives 
results which are even higher than those obtained by 
the ordinary quinhydrone electrode. 
Chemistry Department, Edinburgh and East of 
Scotland College of Agriculture, Edinburgh 
Harrison & Sons, Ltd., Printers, 44 -47, St. Martin's Lane, W.C.2. 
[Film THE BIOCHEMICAL JOURNAL, VOL. XXV, No. 3, pp. 763 -769, 1931] 
[All Rights reserved] 
LXXXV. A STUDY OF THE HYDROGEN ION 
CONCENTRATION OF THE POTATO TUBER. 
BY IAN MACPHERSON ROBERTSON 
AND ALEXANDER MARTIN SMITH. 
From the Chemistry Department, Edinburgh and East of Scotland 
College of Agriculture. 
(Received April 3rd, 1931.) 
NUMEROUS investigations have been made on the acidity of plant sap and 
several methods have been employed. The hydrogen electrode has been used 
extensively but the time required for the system to reach equilibrium, the 
alteration of the biological fluid by the passage of hydrogen and the poisoning 
of the electrode by the plant products are obvious disadvantages of the 
method. Colorimetric methods are not entirely satisfactory on account of 
the rapid colour changes which may take place in the sap as a result of 
enzyme action. With the quinhydrone electrode, the precision of which 
has been critically examined by Morgan, Lammert and Campbell [1931], 
equilibrium is attained very rapidly and manipulation is simple. Plant 
oxidases, however, attack quinol [Chodat, 1910] and, consequently, the ratio 
quinol : quinone is liable to be altered. In this paper, the results ob- 
tained by rapid measurement of the acidity of tuber tissue with a special 
quinhydrone capillary electrode are described and compared with those 
obtained by other methods. 
METHODS. 
(a) Extraction of sap. When it was desired to examine the sap, the tubers 
were washed in cold water and passed through a pulping machine. The mash 
was filtered through fine linen and the filtrate, which gave essentially the 
same results as the pulp, was generally employed. The pulped tubers decom- 
posed rapidly so that the sap usually had a red -brown colour which became 
darker on standing. 
(b) Hydrogen electrode measurements. A Hildebrand half -cell was used in 
conjunction with a saturated calomel electrode. About 5 cc. of the plant sap 
were taken for each determination and equilibrium was reached after approxi- 
mately 10 minutes. The hydrogen electrode was given a fresh deposit of 
platinum black after each measurement. 
(c) Quinhydrone electrode measurements. The quinhydrone electrode con- 
sisted of a piece of polished platinum foil which was placed in the potato sap 
saturated with quinhydrone. Some preliminary experiments showed that at 
least 0.12 g. of quinhydrone had to be added to each 10 cc. of sap -in order to 
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obtain reproducible results. The procedure adopted was to shake the sap with 
sufficient quinhydrone for a few seconds, complete the potentiometer circuit 
with the platinum and saturated calomel electrodes and read the E.M.F. of 
the cell at once. The whole operation was carried out in less. than 1 minute 
but decomposition of the phenol had already commenced. The platinum foil 
was washed and heated to redness in an alcohol flame after each measurement 
and from time to time was also cleaned in hot chromic' acid solution. 
A comparison of results obtained by methods (b) and (c), included in 
Table III, shows that in most cases the hydrogen electrode yields slightly 
higher pH values. This may be due to some alteration in the sap during the 
passage of hydrogen or to some error in the application of the quinhydrone 
half -cell. The fact that the sap, if allowed to stand for about 10 minutes 
before the addition of the quinhydrone, gave approximately the same value as 
with the hydrogen electrode, suggests that the time required by the system 
to reach equilibrium is the important factor. 
(d) Micro -electrode measurements. Reproducible results were readily ob- 
tained with the quinhydrone electrode, but the use of pulp in any method 
removes the possibility of studying the variation in acidity throughout the 
tuber. To meet this difficulty a special electrode was constructed [Robertson 
and Smith, 1930], which enabled measurements to be made at any desired 
point on a section of the plant tissue. A few results obtained by means of 
this electrode and by the method described under (c) are given in Table IV. 
The pH. of the sap was always greater than that observed with the micro - 
electrode for the tissue, which was probably due to loss of carbon dioxide in 
the preparation of the pulp. Ingold [1929] observed a reduction of 0.3 pH 
unit when the tuber sap was brought into equilibrium with concentrations of 
carbon dioxide such as have been recorded for the intercellular spaces of the 
tuber. In addition, the oxidase activity of the disintegrated tissue is very 
great and the formation of melanin and its intermediate compounds from 
tyrosine [Raper, 1928] may also reduce the acidity. 
Variation in acidity throughout the tuber. 
Although some data are available on the hydrogen ion concentration 
gradients of the sap of plants [Gustafson, 1924], no such observations seem 
to have been made on the potato tuber. Attention was directed to a study . 
of the changes which take place during the formation, storage and sprouting 
of the tuber. 
(a) During growth period. A number of healthy and typical plants was 
selected and examined at intervals throughout the summer. The tubers were 
cut along a plane through an eye, and the heel. Readings were taken 
with the micro- electrode at points in the middle and 1 -2 mm. below the 
eye and heel. The results for two varieties given in Table I are typical 
of a large number of observations and each figure is an 'average value for 
four tubers. 
OF POTATO TUBERS_ 
Table I. Variation of tuber pH with stage of growth. 
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Variety Date of sampling ... 30, vi. 30 21. vii. 30 16. viii. 30 30. ix. 30 
Duke of York "Rose" end 6.19 6.04 5.90 5.65 
Centre 6.20 6.08 5.75 5.71 
"Heel" end 5.53 5.90 5.85 5.73 
Epicure "Rose" end 6.08 6.13 5.81 5.68 
Centre 6.06 6.09 5.88 5.75 
"Heel" end 5.78 5.82 5.80 5.80 
The first readings were made with tubers weighing 5 -15 g. and it was 
observed that the underground stem attaching the tuber to the parent plant 
had approximately the same pH as the heel of the tuber. The final sampling 
was made after the plants were completely ripe, the haulms having withered 
away some time previously. The results show that all parts of the tuber, 
except the heel, become more acid as the plant ripens. The pH of the heel 
rises quickly and then falls off gradually. There is a pH gradient across the 
young tuber, the heel being more acid than the rose end. In the mature 
tuber the reverse holds good. This change coincides with the physiological 
development of the tuber, for in the early stages of growth the active part 
is at the heel where nutrients are received from the plant, whereas in the 
mature state this process has ceased and the eyes develop rapidly. 
(b) During rest period. A large number of tubers was examined between 
the time of harvesting and the appearance of sprouts. Observations were 
made at eleven points on a section of each tuber, both cortex and medulla 
being represented. In the majority of cases the rose end was slightly more 
acid than the heel end, the centre being intermediate. The values given in 
Table I for the last sampling are typical in this respect. In many tubers, 
however, no difference was noted between the rose and heel ends, while in a 
few isólated cases the heel was'slightly more acid than the rose end. Generally, 
the average value for all the points approximated closely to that for the centre 
of the tuber. 
(c) During sprouting period. In March a number of dormant tubers was 
exposed to daylight and allowed to sprout. At certain intervals a few tubers 
were cut down through a sprout and eye to the heel and the acidity was 
determined at a number of positions across the section. Tubers of nine varieties 
were examined and all yielded similar results. In Table II the average values 
for three tubers of the 'variety Duke of York are given. 
Table II. Variation of pH during sprout formation. 
Position on tuber or sprout 20. iii. 30 16. iv. 30 15. y. 3Q 24. vi. 30 
Growing tip of sprout 4.28 4.30 4.38 4.51 
Middle of sprout 4.45 4.55 4.62 4-90 
Tuber end of sprout 4.25 4.36 4.54 5.09 
Surface of "eye" 4.58 4.73 5.70 5.85 
2 mm. below surface of "eye" 5.31 5.60 5.86 - 
5 mm. below surface of "eye" 5.61 5.67 5.83 - 
10 mm. below surface of "eye" 5.75 5.74 5.86" - 
Middle of tuber 5.74 5.71 5.7.8 5.80 
"Heel" end of tuber 5.80 5.85 5.86 5.88 
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The following is a description of the sprouts: 
20. iii. 30.- Sprouts soft and light green, and about 0.5 cm. long. 
18. iv. 30.- Sprouts hard and dark green, 0.5 -1.5 cm. long. 
15. v. 30. -Sprouts thicker, 2.0 -2.5 cm. long, small leaves forming. 
24. vi. 30.- Sprouts very thick and hard, 3 cm. long, small leaves and shoots formed. Tuber soft. 
When sprouts appear, the region round the active eyes is very acid, but 
gradually becomes less acid as the sprouting progresses until June, when the 
pH is practically uniform throughout the tuber. The growing tip of the sprout 
retains its relatively high acidity throughout the growth of the plant; in a 
young field plant it had pH 4.46 while in an older plant the pH was 4.65. 
These variations in pH through the tuber are to be expected if considera- 
tion is given to the different functions of the various parts. The actively 
growing parts are usually more acid than the fully developed members. On 
the other hand, the acidity of the tuber increases with maturity, which may 
be accounted for by the fact that, according to Appleman and Miller [1926], 
the protein in the young tuber gives place to non -protein- and amino -nitrogen 
in the mature tuber. 
Factors influencing the p$ value of the mature tuber. 
(a) Environment. Tubers of six common varieties, grown at seven places 
in Midlothian, were examined immediately after harvesting. The altitudes of 
the different places varied from 100 to 600 feet above sea level; the different 
soils varied in texture from sandy barns to clay loams and in pH from 4.9 
to 7.3. There was no obvious relationship, however, between environment 
and the acidity of -the tuber. The maximum variations of individual values 
for all sources were as follows: Duke of York, 5.70 -5.89; Epicure, 5.70 -5.85; 
Great Scot, 5.65 -6.11; Golden Wonder, 5.70 -5.85; Majestic, 5.50 -5.73; Ally, 
5.67 -5.84. 
In order to investigate more fully the effect of soil reaction upon the 
acidity of the tuber, a crop of variety King George, grown on a series of 
specially treated plots on a soil of pH 4.0, was examined. The pH of the tubers 
was measured by methods (b) and (c) and the results are summarised in 
Table III. 
Table III. Relation between p of soil and tuber sap. 
p$ of tuber sap 
p$ of soil No. of plots Method (b) Method (e) 
4.04.5 4 5.69 5.66 
4.5 -5.0 11 5.68 5.64 
5.0,5.5 11 5.66 5.63 
5.5 -6.0 5 5.69 5.63 
6.0 -6.5 3 5.68 5.63 
6.5 -7.0 2 5.62 , 5.68 
In 1929, five plots were laid down on a soil having pH 5.5. Two plots were 
made more acid by treatment with flowers of sulphur and two more alkaline 
by treatment with calcium hydroxide. Two varieties were grown on each plot. 
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In autumn, samples of tubers were lifted, washed and dried and then examined 
as follows. Ten tubers were selected at random from each sample and cut 
through the rose and heel ends. The acidity was determined at various points 
on the section by means of the micro- electrode. The small injuries made by 
the electrode were then cut out, the tubers were pulped and the pH of the sap 
was determined by method (c). The average results are given in Table IV, the 
pH values of the soil being those obtained during September. 
Table IV. Relation between pH of soil and tuber. 
Average pH of tubers 
Duke of York Great Scot 







A 8.1 5.70 5.77 5.68 5.73 
B 7.5 568 5.75 5.69 5.73 
C 5.5 5.70 5.74 5.69 5.70 
D . 5.1 5.70 5.73 5.68 5.74 
E 5.0 5.71 5.77 5.68 5.72 
It is obvious from the above results that the pH of the tuber is not in- 
fluenced by that of the soil. Hoagland and Davis [1925] have obtained similar 
results for other plants grown in culture solutions, but other workers, for 
example Haas [1920], have found a certain relationship between the acidities 
of soil and plant sap. 
(b) Variety. In addition to the pH figures already given for different 
varieties, the following were obtained: Arran Consul, 5.64; Field Marshal, 
5.74; Kerr's Pink, 5.75; King Edward, 5.95. The differences between varieties 
were thus not significantly greater than the variations found among tubers 
of the same variety. 
(c) Disease. A number of tubers affected by various diseases was collected 
and compared with normal tubers of the same variety. The influence of virus 
infection was also studied. The results are presented in Table V. 
Table V. The effect of disease upon the pH of tubers. 
Normal 




Great Scot Corky scab: Spongospora subterranea 5.70 5.65 4.35 
Lagerh. 
Duke of York Common scab: Actinomyces scabies 5.75 5-70 4-58 
(Thaxt.) Giissow 
Epicure Sprain: Bacterium rubefaciens 5.73 - 5.60 
Epicure Blackleg: Bacillus atrosepticus van Hall 5.73 5.68 5.65 
Duke of York Blight (fresh): Phytophthora infestons 5.75 5.75 5.83 
(Mont.) De By. 
Duke of York Blight (old) 5.75 5.70 5.38 
Duke of York Wart disease: Synchytrium endobioti- 
cum ( Schilb.) Perceval 
5.75 5.65 5.02 
Ally Mosaic 5.80 5.70 
Crinkle 5.80 5.60 
Leaf Roll 5.80 5.85 
Arran Comrade Mosaic 5.64 5.47 
Leaf Roll 5.64 5.70 
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In diseased tubers a very acid region was observed around the affected. 
part. In mild forms the disease did not seem to affect the rest of the tuber 
but in severe cases a slight increase in acidity was noted throughout the tuber. 
The slight decrease in acidity due to Leaf Roll and the large increase due to 
Wart Disease confirm results reported by Boas [1919] and Weiss and Harvey 
[1921] respectively. Severe forms of mosaic, such as crinkle, gave rise to an 
increase in acidity. 
(d) Storage. A number of tubers of each of six varieties was stored in 
three different ways, viz.: (1) in a pit in the open, (2) in a cool, well- ventilated 
storehouse, (3) in a refrigerator maintained at 2 °. After a few months the 
average pH values were as follows: 
Original value (October) 5.76 
After storage (2) ... ... ... 5.84 
(1) immediately ... ... 5.49 
(1) after 24 hours at room temperature 5.88 
(3) immediately ... ... ... 5.39 
(3) after 24 hours at room temperature 5.83 
The tubers from the pit and refrigerator were more acid than before 
storage, but, on being allowed to stand at room temperature for a day, 
acquired a p$ slightly higher than the original. This was probably due to 
increased respiratory activity of the tissue immediately after removal from 
such storage conditions. 
SUMMARY. 
The hydrogen and quinhydrone electrodes have been used for p$ measure- 
ments of the pulp of the potato (Solanum tuberosum), and a micro- electrode 
enabled measurements to be made at different points of the tissue. 
The acidity is not uniform throughout the tuber but depends upon the 
function of the different parts at different periods in the life of the plant. In 
the early stages of development the underground stem and the heel end of 
the tuber are most acid and the average, acidity of the tuber increases with 
maturity. In the dormant state the acidity does not vary much in different 
parts of the tuber but when sprouting begins the active eyes are most acid. 
The acidity of the tuber is independent of environment and is not in- 
fluenced by large variations in soil acidity. 
The difference. in acidity due to variety and storage are not significant. 
Comparatively large changes in acidity are associated with certain diseases. 
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THE INFLUENCE OF THE PLANT UPON SEASONAL 
CHANGES IN SOIL ACIDITY. 
BY A. M. SMITH AND I. M. ROBERTSON. . 
(Edinburgh and East of Scotland College of Agriculture, Edinburgh.) 
(With Four Text- figures.) 
THE pH value of a soil is not constant, and fluctuations which have been 
reported (3, 9, 15) are probably related to the seasonal variations found 
in the concentration of electrolytes in the soil (4, 5, 7, 14). For example, 
the pH value usually decreases during summer or during drought, at 
which times the concentration of electrolytes increases, especially under 
fallow conditions. It is to be expected, therefore, that the growing plant 
will affect the acidity of the soil, and this paper is a report of results 
which demonstrate that point for the potato (Solanum tuberosum) and 
a variety of soils. 
EXPERIMENTAL. 
The work is considered under the three headings, incubation, pot 
and fiel0. experiments. 
Determination of pH. The soils were usually examined soon after 
sampling, by means of the quinhydrone electrode, the procedure being 
essentially the same as that recently recommended (12). A number of 
" 10 second values" (12) showed that there was no drift due to the presence 
of manganese dioxide in any of the soils under investigation. 
Incubation experiments. 
Methods. The following soils were passed through a 2 mm. sieve for 
these experiments. 
.Soil B. The mechanical analysis of this soil by the International 
Pipette Method (2) gave the following percentage composition: coarse 
sand 20, fine sand 26, silt 24, clay 25, air dry moisture 3.7, loss on 
ignition 7.4. 
Soil P. The sample was taken in March from an uncultivated peaty 
layer 9 -10 in. deep overlying well weathered basic andesite. The loss on 
ignition of the oven -dry material was 48 per cent. 
Soil W. A light sandy soil taken from a mound of glacial sand, which 
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has not been cultivated for at least 60 years. The loss on ignition, due 
largely to partially decayed organic matter, was 9 per cent., whilst coarse 
sand amounted to 50 per cent., and fine sand to 20 per cent. 
Days after planting 50 loo 150 
Fig. 1. -- Fallow --o-- Golden Wonder -x - Epicure. 
Soil G. A sandy soil, from an uncultivated raised beach close to the 
south shore of the Firth of Forth, having 68 per cent. coarse sand, 
10 per cent. fine sand, 8.5 per cent. loss on ignition. 
In addition, samples of B, which had an initial pH value of about 
6.2, were treated with 0.35 and 0.12 per cent. calcium hydroxide and 
with 0.024 and 0.12 per cent. sulphur to obtain - a range of pH values 
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from about 8 to 4. Similarly, samples of P, having an initial pH value 
of 3.6, were . treated with FO and 2.0 per cent. calcium hydroxide to 
obtain pH values of about 5. and 6. Soils .W and G, of which the original 
pH values were about 4.5 and 6.7 respectively, were examined only in - 
the untreated condition. The treatment was calculated in each case for 
oven -dried soil. 
The soils, which had not reached an air -dry condition, were brought 
to moisture contents suitable for plant growth, and 500 gm. portions 
were placed in glass dishes. Small pieces of potato tubers of the varieties 
Epicure and Golden Wonder were planted in each sample of soil, ex- 
cepting B 1 and B 5 . The temperature was maintained between 18° and 
20° C. throughout the experiments. The dishes were watered daily and 
small samples of soil were removed at regular intervals for pH deter- 
minations. The values obtained for B are shown graphically in Fig. 1. 
Each curve represents the average of duplicates until certain of the 
plants died. For example, in Fig. 1 the curve for Epicure in sample B 3 
represents the average value for the two plants up to 35 days; about 
that time the plant in one dish died and the broken line shows the 
subsequent value for the soil in that dish: at 70 days the plant in the 
second dish died and there was a rapid decrease in pH value until at 
90 days the soils in the two dishes were again giving practically the same 
pH values. Where the solid lines give place to alternate dash and dot, 
as, for example, with most of the Golden Wonder plants at 90 days, it 
indicates that the plants were "nipped" to stop growth. Those plants 
were very vigorous, however, and in some cases still survived when the 
experiment was concluded, although growth had practically stopped. 
The curves for soils P, W and G were essentially the same as those for 
B3 and B4. 
Results. In all the unplanted soils there is a fairly steady decrease 
in pH value during the first 70 -100 days and thereafter the changes are 
small and irregular. In the case of the sulphur treated samples, B 1 
and B 2, the results are very similar to those reported by other workers 
(1, 6, 8). In the soils supporting plants there was usually a slight fall in 
pH value until the shoots were established; and then a rise during the 
rapid stages of growth (except in the case of B 2) to a point higher than 
the initial value. The pH value then decreased, fairly rapidly after the 
death of a plant, until it approached the value for the unplanted soil. 
,That B 2 should prove an exception was apparently due to the fact that 
the normal influence of, the growing plant in - preventing an increase in 
acidity was more than counteracted by the oxidation of the sulphur in 
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increasing the acidity. Evidence in support of that explanation is 
supplied first of all by the fact that the sulphur produced a greater 
increase in acidity in the fallow than in the planted soil, and secondly 
by the results (Fig. 2) obtained in an experiment with a portion of 
soil B which had been treated with an amount of dilute sulphuric acid 
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Fig. 2. - - Fallow -o- Golden Wonder -x - Epicure. 
The curves obtained are quite similar to those for B 2 after 70 -80 days 
when the oxidation of sulphur was apparently complete. The decrease 
in acidity due to the rapidly growing plant and the subsequent return, 
on "nipping," to that of the unplanted soil are very well marked. 
In order to make sure that the differences in pH values between 
unplanted and planted soils were not due to differences in moisture 
content effected by the growing plant, a number of soils were maintained 
at definite moisture contents, by daily watering, for a period of 30 days. 
Measurements of pH were made at intervals and the final values are 
reported in Table I. The results show that different amounts of moisture 
in the soil, over a range of 10 per cent. in the neighbourhood of the 
optimum moisture content, have very little effect upon the changes in 
acidity. 
Table I. pH values after 30 days at constant moisture content. 
Soil B +0.025 %S(H$SO4) B B +0.125 %Ca(OH), 
% moisture 15 20 25 15 20 25 15 20 25 
pH 5.23 5.25 5.28 5.89 5.85 5.84 6.86 6.87 6.90 
Soil W G 
% moisture 10 15 20 10 15 20 
pH 4.42 4.37 4.38 6.24 6.28 6.31 
It has been shown (13) that a large increase in the quantity of electro- 
lytes in a soil may occur if it is maintained under conditions suitable fòr 
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biological activity. Such an increase modified by the absorption of salts 
by the plant would account for the results obtained for the fallow soils 
and the early observations for the planted soils. A return of electrolytes 
from the decaying plant to the soil is a possible explanation for the 
final observations for the planted soils, but this point requires further 
investigation. 
Pot experiments. 
Methods. A large sample of soil B, taken from the field in March, 
Was employed in these experiments. While still moist it was broken up, 




Days after planting 50 100 150 
Fig. 3. - - Fallow -o--- Golden Wonder -x- Epicure. 
portion (B 2) received 0.024 per cent. sulphur, the second (B 3) was un- 
treated, and the third (B 4) received 0.12 per cent. calcium hydroxide. 
The additions were calculated in terms of oven -dry soil. Ten pots (12 in. 
diameter) were filled from each portion and potatoes were planted on 
April 14. Four pots of B 2 were planted with the variety Epicure, four 
with Golden Wonder, and two pots were kept fallow. The same was 
done for the series B 3 and B 4. Samples of soil were taken at weekly 
intervals until August, and then less frequently until October, by means 
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of a small auger which reached to the bottom of the pots. During the 
warm, dry weather of May and June the pots had to be watered fre- 
quently, and that probably accounts for the fluctuations and total 
changes in acidity being small compared with those found in the field 
experiments described later. The results are shown graphically in Fig. 3. 
Results. Considering the fallow pots first, it will be observed that 
the pH value of each soil decreased regularly to a minimum which, except 
for B 4, existed only for a brief period. Those minima were reached after 
practically the same length of time as in the incubation experiments, 
but the total changes in acidity were not so great in this case. The pH 
value then increased, rapidly at first and then more slowly, so that by 
October 9 it had returned to the original value except in the case of B 2. 
During the first 30 -40 days the soils of the planted pots did not differ 
materially as regards acidity from those of the fallow pots. The Epicure 
plants appeared above the surface of the soil in the period 30-40 days, 
and the Golden Wonder in the period 40 -50 days after planting. (The 
curves for the late variety, Golden Wonder, will be observed to lag some- 
what behind those for the early maturing variety, Epicure.) From the 
time when the shoots appeared until about 60 or 70 days later when 
the haulms were withering, the pH values of the planted soils were 
definitely higher than those of the corresponding fallow soils. In all 
three series there may be observed a slight increase in pH value when 
the shoots appeared, which is interesting in view of the similar observa- 
tion in the case of the incubation experiments. The difference in acidity 
between planted and fallow soils increased until the plants were flowering, 
which corresponded approximately with the period of minimum pH 
values for the fallow soils: the difference then became less until even- 
tually the curves for planted and fallow soils were practically the same. 
Field experiments. 
(a) Plot experiment. A small area at the College Experimental Farm, 
Boghall (soil B), was divided into five plots which received the following 
treatments per acre: plots B 1 and B 2,1200 and 400 lb. sulphur respec- 
tively, B 3 no treatment, B 4 and B 5,1400 and 4200 lb. calcium hydroxide 
respectively. The calcium hydroxide was applied in November, 1929, 
the flowers of sulphur at the beginning of April, 1930. The dressings were 
approximately the same as those in the incubation and pot experiments 
already described. At the beginning of May, part of each plot was 
planted with potatoes. At the end of June, four plants were marked in 
each plot and thereafter soil samples were always taken from the roots 
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of each marked plant and from the middle of each fallow area. The first 
plants appeared at 25 days, the flowers and small tubers had formed at 
70 days, the crop was harvested about 150 days after planting. 
Results. The fluctuations and total changes in acidity were very 
great, but the remarkable parallelism amongst the results for all plots 
suggested the probability of a common factor and some justification for 
simplifying the presentation of the data by averaging the results for 
the five fallow and those for the five planted areas. The "average" curves 
are presented in Fig. 4. 
6.0 
5.0 
Days after planting 50 
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Fig. 4. - - Fallow -o- Planted. 
As in the -case of the pot experiments, the curves gradually diverge 
until about 70 days after planting, at which point the pH value of the 
fallow soils had reached a minimum. The pH value of the planted soils 
remained practically constant during the next 50 days and then gradually 
increased. The value for the fallow soils, on the other hand, fluctuated 
considerably, but at 160 -190 days had approached close to that for the 
planted soils. 
(b) Field experiments. Eight soils, within a small area of about 
6 miles radius but showing considerable variation in their chief physical 
and chemical properties, were studied under field conditions in 1929 
and 1930. The manurial treatment was similar in all cases, and soil 
samples were taken as described under the preceding section. The first 
samples were not taken, however, until the end of June when the crop 
was fairly well advanced, and a consideration of Fig. 4 shows that a 
large increase in acidity had taken place by that date at a comparatively 
"late" locality. Consequently, the first results recorded for the field 
soils were probably not far removed from the minimum pH values for 
the season. The fluctuations recorded in the later part of the growing 
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season when, generally speaking, the reaction of the soil is tending to 
-become less acid, seemed to be related to the changes in temperature 
and moisture conditions rather than to stage of plant growth. 
Results. A comparison of the data for the two seasons is limited to 
a few outstanding features. 
In 1929. (a) From July 29 to August 18- moderate temperature 
and high rainfall-there was an increase or little change in pH values. 
(b) From August. 18 to September 20 -high temperatures and moderate 
rainfall-there was a decrease in pH value for the more acid soils and 
an increase in pH value for the less acid soils. (c) The final readings, 
made at the beginning of October, after a spell of cool, wet weather, 
showed a general increase in pH values. 
In 1930. (a) From July 12 to 23- normal temperature and high 
rainfall-there was an increase in pH values, with two exceptions, for 
both planted and fallow soils. The plants were not só far advanced as 
in the similar period (a) in 1929, which probably accounts for the more 
definite change. (b) From August 10 to September 2 -high temperatures 
and high rainfall -the planted soils showed somewhat similar tendencies 
in acidity changes as in (b) 1929, whereas all the fallow soils showed a 
very marked increase in pH. In every case the fallow soils became less 
acid than the planted soils in this period (cp. Fig. 4). (c) The final 
readings, made in October, after a period of cool, wet weather, showed 
an increase in the pH values of planted and fallow soils. 
The maximum change for the planted soils varied from 0.1 to 1.4 pH 
units and, generally speaking, the observations on the amount and 
irregularity of the variations for different soils agreed with reports by 
other workers (3, 9,10,11). None of the soils considered (except plots B 4 
and B 5) had received lime for a number of years; the crop was the same 
in all cases and the manuring was similar: for each year the variation 
in climate can be regarded -as negligible over such a small area : conse- 
quently the irregularity of the acidity changes may be ascribed to soil 
characteristics. In this respect it is noteworthy that at one locality the 
average pH value of the samples increased from 6.2 to 6.9 in 1929 and 
from 6.4 to 7.0 in 1930. 
CONCLusIONS. 
In the early part of the season, when an accumulation of salts takes 
place (4, 5, 14) on account of the general rise in temperature, the acidity 
of the soil increases irrespective of climatic factors. Where plants are 
growing, that accumulation is not so great and the increase in acidity is 
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not so marked. Towards the end of the growing season, climatic factors, 
and particularly rainfall, appear to be responsible for irregular fluctua- 
tions, but there is a general tendency for the acidity to decrease. Finally, 
the pH value, like the concentration of salts (7), becomes approximately 
the same for both planted and fallow soils .and not far removed from 
that at the beginning of the season. 
It seems, therefore, that variations in soil acidity are definitely con- 
nected with changes in the quantities of electrolytes present, and that 
the effect of the plant is due, at least in part, to absorption of salts. It 
is possible, however, that bicarbonates formed as a result of plant growth 
also exert some influence. 
SUMMARY. 
1. A large number of observations on different soils in incubation, 
pot and field experiments have been made to determine the effect of 
the growing plant upon seasonal changes in soil acidity. 
2. In every case it has been shown that the acidity of the uncropped 
soil increases to a maximum during the growing season and that the 
change may amount to more than one pH unit. 
3. The plant reduces the change in acidity to a marked extent and 
at the height of growth there is a considerable difference between the 
acidity of the cropped and uncropped soil. 
4. At the end of the growing season that difference has practically 
disappeared and the acidity of the soil approaches the value found at 
the beginning of the season. 
5. Irregular fluctuations are related to climatic factors. 
6. Attention has been directed to the analogous variations found in 
the concentration of electrolytes in the soil. 
The authors are grateful to Mr A. Robertson for assistance in the 
later stages of the investigation. 
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The estimation of the buffer capacity of acid soils 
(Über die Pufferwirkung des Bodens. - Sur le pouvoir 
tampon du sol) 
By A. M. Smith and R. Cou11 
Edinburgh and East of Scotland College of Agriculture 
One of the difficulties encountered in estimating the buffer capacity 
of the soil by the Tovborg Jensen method (4) lies in the fact that a 
- n 
saturated solution of calcium hydroxide is only about 25.. Conse- 
quently, it is not possible to raise the pH values of some strongly acid 
soils to 7 or over 7 unless the ratio soil: solution is 1: 10 or even wider. 
This is nbt quite satisfactory since the influence of the soil: water ratio 
on pH measurements is very uncertain (3) and most investigators now 
seem to follow the recommendations of the Committee on Soil Reaction 
Measurements (1) whose work was carried out with the ratio 1 : 2.5 for . 
soil : water. 
The difficulty may be overcome by adding solid calcium oxide 
to the aqueous soil suspension, in place of the dilute alkaline solution, 
but that method is laborious for routine work on, account of the large 
number of -accurate weighings required. A much more concentráted 
solution of barium hydroxide is readily obtained and might be used, 
but barium does not effect the same cation exchange in the soil as cal- 
cium and the chief value of estimations of buffer capacity is in the 
study of "lime requirements ". Calcium oxide is much more .soluble 
in sucrose solutions than in water, and the object of this note is to show 
that a sucrose solution of Ca(OH)2 offers a simple method of obtaining 
a good range of pH values for well buffered and intensely acid soils even 
with the ratio 1: 2.5 for soil : solution. 
It was found that 10 Ca(OH)2 could easily be obtained in 2 per 
cent sucrose solutions and that the presence of the sugar had no effect 
upon the final pH value of the soil suspension if a little chloroform were 
added to inhibit biological decomposition. The technique employed 
was essentially the same as that described by Tovborg Jensen. Forty g. 
samples of air dry soil, passing a 2 mm. sieve, were placed in a series 
of conical flasks. In the case of peat soils, the moist material, corre- 
- 11 - 
sponding to 20 g. air dry peat, was taken. Varying quantities of the 
10 Ca(OH)2 solution, made up to 100 cc. in each case with 2 per 
cent sucrose solution, were then added, together with a drop of chloro- 
form. The time required by the soil and calcium hydroxide to reach 
equilibrium is indefinite and varies considerably for different soils, 
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of contact. Preliminary work showed that overnight shaking (17 to 
18 hours) was suitable and gave reproducible results. After shaking, 
the flasks were connected in series and a current of carbon dioxide 
was passed through the suspensions until any excess calcium hydroxide 
was converted into carbonate; a current of air was then drawn through 
the flasks until excess carbon dioxide was expelled. The pH values 
of the suspensions were then determined by means of a quinhydrone 
electrode. 
- 12 - 
Typical curves for three soils are given in fig. 1. Soil B is a fertile 
clay loam, W is an infertile, sandy loam, P is an uncultivated peaty 
soil having a loss on ignition of 50 per cent. They have . already been 
fully described by Smith and Robertson (2). It will be observed that 
had the usual 30 Ca(OH)2 been employed with the same soil -solu- 
tion ratio, only very short portions of the curves would have been 
obtained. The points marked 25 were actually obtained by experiment 
using 40 g. soil and 100 cc. Ca(OH)2 approximately 95. As an example 
of the type of curve obtained with (71 Ca(OH)2 and 'a soil -solution ratio 
of 1 : 10, the results for soil W under those conditions are included 
in fig. 1 (curve W'). 
The initial pH values for W and Wi differ by 0.35 and, although 
the percentage amounts of calcium oxide required to effect definite, 
pH changes in W and WI are almost the same, the amounts of calcium 
oxide required to produce the same pH values are quite different. 
For example, to raise the pH value to 6.6, about 0.3 % CaO is required 
when the soil- solution ratio is 1 : 10 and about 0.4 % CaO when the 
ratio is 1: 2.5. The curve for W gives a much closer approximation 
to what is required in field practice. Two important advantages may, 
therefore, be claimed for using the 1 : 2.5 ratio, viz. (a) the compre- 
hensive investigations of the Committee on Soil Reaction Measurements 
were carried out exclusively with that ratio, (b) the desirability of 
employing as concentrated a suspension as possible in soil pH mea- 
surements. 
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A CRITICISM OF THE OFFICIAL METHOD FOR THE 
ESTIMATION OF CALCIUM OXIDE FOR 
AGRICULTURAL PURPOSES* . 
BY ALEXANDER LAUDER AND A. M. SMITH 
Edinburgh and East of Scotland College of Agriculture 
The object of this note is to draw attention to certain facts which 
seem to merit discussion on account of their bearing upon the 
evaluation of lime for agricultural purposes. 
The question deals with the by- product of a paper- making 
firm in the East of Scotland. This firm employs the soda process 
in the manufacture of a high -grade paper ; that is to say, esparto 
and other cellulose -rich materials are digested with caustic soda 
(about 6 per cent. solution) and the residual liquor from the pulp 
is evaporated to dryness and ignited to give black soda. ash con- 
sisting mainly of 12' CO3 together with a certain amount of Si02 
and impurities from the original fibre. The black ash is usually 
treated with good quality lime to obtain a fresh supply of NaOH 
and the by- product is a sludge of CaCO3 which, until a few years 
ago, went to augment a waste heap. (This sludge is unsuitable 
for the fanner on account of its physical condition.) This particular 
firm now burns the sludge to recover lime for causticizing the black 
ash, but such a cycle of operations cannot be carried on indefinitely 
because the silica from the esparto gradually finds its way into the 
sludge.f This decreases the causticizing value of the recovered 
lime and so a definite proportion has to be discarded and replaced 
by fresh Time. The amount discarded amounts to 800 -woo tons 
per annum, and contains about io per cent. Si02; it is with the 
agricultural value of this product that we have been concerned. 
The official method of assessing a burnt lime is to determine 
the percentage CaO which may be extracted by a io per cent. sugar 
solution; (there is some doubt as to whether CaO forms definite 
compounds with sucrose, but that need not be considered at present) 
and the figure obtained for this by- product is only about 6o per 
cent. On the other hand its causticizing value, found both in 
practice and as estimated by a modification of the American official 
method for available CaO, is equivalent to 75 -80 per cent. CaO. 
Further, when estimated by the decomposition of (NH4)2SO4 a 
figure of over 8o per cent. for CaO is obtained. The total CaO 
present is about 8o per cent. and there is I -z per cent. alkali. It 
* This paper was read before the Chemistry Committee in December 1931, 
and was unfortunately omitted from Vol. IX. 
t It is chiefly the esparto which is responsible for the silica. 
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seems, therefore, that there is about 15 -zo per cent. Ca0 which is 
combined with Si02 but only in some loose form of combination, 
because it may readily be converted into carbonate by means of 
CO2. 
There has been no opportunity of carrying out field experiments 
to test the material, and it is obvious that little would be gained 
without an elaborate series of plots studied over a number of years. 
A considerable number of laboratory tests have been made, however, 
with a variety of soils. The simplest and most direct method 
appeared to be to measure the effects of the product in reducing 
soil acidity and to compare the results with those obtained with 
a lime of definite purity. Usually 20 -gm. samples of soil were 
placed in a series of flasks with zoo c.c. CO2-free water, and a range 
of quantities of lime was added to the flasks, which were then shaken 
overnight. Carbon dioxide was bubbled through the flasks until 
any excess Ca0 was converted to CaCO3, and then air until excess 
CO2 was expelled. The pH values of the suspensions were 
determined electrometrically and a curve prepared showing the 
relationship between acidity and amount of lime added. 
Under these conditions, the availability of this product depends 
upon the type of soil employed, because the amount of lime required 
to effect similar changes in pH necessarily varies with the original 
acidity of the soil and its buffer capacity. Up to a certain point 
on the curves, however, values corresponding to about 8o per cent. 
Ca0 have been obtained. After that point, which is always beyond 
what would be attempted in actual liming practice, there is a 
progressive decrease in the apparent available CaO. 
Generally speaking, the results support all the other figures 
except that obtained by sugar extraction, and indicate that the 
official method does not give an accurate measure of the value of 
tile lime for reducing soil acidity. A difference of 15 per cent. Ca0 
is of considerable importance, and it seemed desirable to submit 
the question for discussion before this Committee, the members of 
which are intimately concerned with the application of the Regu- 
lations of the Fertilizers and Feeding Stuffs Act, 1928. 
ANALYSIS OF BURNT LIME. 
Equivalent CaO per cent. 
By- product Lime. Standard Lime. 
Official Method .. .. .. 63'5 94.3 
Soil Method .. .. about 8o zoo 
Distillation (NH,)2S0, . 8o5 95'3 
Total Bases (phenolphthalein) .. 8i9 . - 
Total Ca as CaO .. . .. 8oo - 
Insoluble in acids .. .. about Io% - 
M 
/2, 
Reprint from the Transactions of the Second Commission and Alkali - 
Subcommission of the International Society of Soil Science. 
Kjöbenhavn (Danmark). 1933. Vol. A. pp. 107 -108. 
The variation in soil acidity. 
By A. M. Smith. 
From the Edinburgh and East of Scotland College of Agriculture. 
As a result of about 3000 determinations of acidity made in the 
course of recent years, it has become increasingly evident that the 
pH value of an acid soil is liable to fluctuate to a marked extent. 
The measurements have invariably been made according to the 
recommendations of the Second Commission of the International 
Society of Soil Sciences on a number of soil types varying con- 
siderably in their principal chemical and physical properties. The 
numbers of observations on samples taken carefully from pots and 
plots as well as from fields have been large enough to make sam- 
pling errors small compared with the larger fluctuations: even the 
differences in pH between the moist soil and the air dry soil have 
been found to be small in comparison with the differences obtained 
at different times of sampling. 
Generally speaking, in the East of Scotland area (the mean sum - 
mer temperature is 12-2 C°, the mean winter temperature is 4.2 C° and the 
rainfall of 622 mm is fairly evenly distributed throughout the year) the 
pH value usually falls during the growing season and then tends to rise 
again. Rapid changes in climatic conditions such as short periods of 
drought or heavy rain, or abnormal temperatures may on occasion, howe- 
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the variations in definite terms, Most of the observations have been made 
between March and October. Since the soils are generally saturated with 
moisture during the winter months and are seldom frozen for long 
periods, it may be assumed that any changes in pH are small compared 
with those in summer. 
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A few typical cases are shown in the accompanying diagram 
(fig. 1) to indicate the nature and extent of the changes which have 
been observed. The fluctuations vary from soil to soil and in some 
cases exceed one pH -unit during the season: they are much greater 
on unplanted soil than on the same soil carrying a crop :4 the more 
important changes are periodic and are closely related to the con- 
centration of electrolytes in the soil; they are not materially reduced 
by making the pH measurements in N . KC1 suspensions. 
Several investigators2 3 have recently submitted similar figures, 
and there would seem to be no doubt that a single determination of 
soil acidity may be very misleading. The possible effect of soluble 
salts on the pH of a soil suspension in water has long been re- 
cognised, and the use of a KC1- suspension has been advocated to 
surmount the difficulty of seasonal variation in the concentration 
of the soil solution. It has been found, however, that the addition 
of potassium chloride to the suspension may only serve to bring 
about a fairly uniform decrease in the pH values of different sam- 
ples without eliminating the seasonal fluctuations. On the other 
hand, a preliminary washing of different samples until the filtrate 
attains a comparatively low specific resistance tends to raise the 
pH values to a more constant figure. It is suggested that such a 
preliminary 'treatment is desirable for single samples taken during 
the growing season. The bulk of the soluble salts, which tend to 
accumulate in warm dry weather, are thus removed and cannot 
give rise to an indefinite amount of exchange acidity. It is obvious, 
however, that the question of soil acidity, both direct or indirect, 
still presents some difficulties which call for further study now 
that the method of making the measurement seems to have beetn 
satisfactorily standardised. 
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